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Arteriogenesis, also frequently called collateral formation or even therapeutic angiogenesis,
comprises those processes that lead to the formation and growth of collateral blood vessels that can
act as natural bypasses to restore blood flow to distal tissues in occluded arteries. Both in coronary
occlusive artery diseases as well as in peripheral occlusive arterial disease, arteriogenesis may play
an important role in the restoration of blood flow. Despite the big clinical potential and the many
promising clinical trials on arteriogenesis and therapeutic angiogenesis, the exact molecular mechanisms
involved in the multifactorial processes of arteriogenesis are still not completely understood. In this
inflammatory-driven vascular remodeling process, many cell types, both vascular cells and immune
cells, many cytokines and growth factors, as well as various noncoding RNAs may be involved.
Consequently, many questions regarding the exact molecular mechanisms involved in the regulation
of the arteriogenic response still need to be answered, and these answers will contribute to defining
new therapeutic options.

This Special Issue of Cells is devoted to all aspects of arteriogenesis, collateral formation and
therapeutic angiogenesis. It contains articles that collectively provide a balanced, state-of-the-art view
on various aspects of arteriogenesis and the underlying regulation of vascular remodeling.

As indicated above, arteriogenesis is an inflammatory-driven vascular remodeling process and
Toll-like receptors (TLRs), especially TLR4, are known to be involved in arteriogenesis. Troidl et al.,
demonstrate that after the induction of hind limb ischemia in mice, the lipopeptide and TLR2/6 ligand
macrophage-activating protein of 2-kDA (MALP-2) increased the growth of pre-existing collateral
arteries in the upper hind limb, along with intimal endothelial cell proliferation in the collateral wall and
pericollateral macrophage accumulation. In addition, MALP-2 increased capillary density in the lower
hind limb. These promising results with the TLR2/6 ligand MALP-2 illustrate the potential to promote
peripheral blood flow recovery by collateral artery growth by enhancing the inflammatory response [1].

The role of inflammation and immune cells in arteriogenesis is also illustrated by Bot el al.,
who extended the studies on the role of mast cells in arteriogenesis and collateral formation and
demonstrated that local mast cell activation increased blood flow through the hind limb, due an
increase in the diameter of the collaterals, as well as in the number of CD31+ capillaries. Together,
these data illustrate that locally activated mast cell contribute to arteriogenesis and angiogenesis [2].

The induction of angiogenesis by vascular endothelial growth factor (VEGF) is well established,
and the VEGF stimulation of endothelial cells encompasses a complex series of events that include
the activation of various intracellular signaling cascades. Of these, the activation of ERK1/2 has been
directly linked to the extent of arteriogenesis. Little is known about the individual contribution of ERK
isoforms to this process. Ricard et al. focused on the role of ERK1/2 isoforms in adult arteriogenesis.
The induction of acute hind limb ischemia resulted in excessive but poorly functional arteriogenesis
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in mice with a global deletion of Erk1, whereas mice with an endothelial-specific deletion of Erk2
exhibited a decreased arteriogenesis. They generated a floxed ERK1 mouse line and conditionally
deleted the gene in macrophages, endothelial, and smooth muscle cells. While the endothelial or
macrophage deletions of ERK1 failed to recapitulate the phenotype of the ERK1−/− mice, the combined
deletion of Erk1 in endothelial cells and macrophages came close to the phenotype in global Erk1
null mice. This shows that endothelial and macrophage ERK1 is critical to endothelial/macrophage
crosstalk and effective adult arteriogenesis [3].

The importance of smooth muscle cell (SMC) proliferation in arteriogenesis is demonstrated by
Lasch et al., They investigated the functional relevance of the potassium channels KV1.3 and KCa3.1 for
SMC proliferation in arteriogenesis and showed convincingly that the modulation of the potassium
channel KV1.3 contributes to SMC proliferation in arteriogenesis, whereas KCa3.1 is more likely to be
involved in vasodilation [4].

VEGF is a key factor for endothelial cell proliferation and migration, as well as recruitment of pericytes
and vessel assembly. VEGF can be modulated in many ways. In this Special Issue, Uslu et al., study the
effects of FSAP (factor-VII-activating protease) on VEGF. The stimulatory effects of VEGF165 on endothelial
cell proliferation, migration, and signal transduction were not altered by FSAP (factor-VII-activating
protease) in vitro. However, FSAP inhibited VEGF165-mediated angiogenesis in the matrigel model
in vivo, showing the role of the environment of growth-factor-mediated neovascularization [5].

Hypoxia and the (lack of) HIF1α degradation by the von Hippel-Lindau (VHL) protein complex
are key determinants for VEGF activity in neovascularization. Lei et al. demonstrate very elegantly
how the VHL/miR-212/miR-132 axis can play a crucial role the control of angiogenesis and that a
scarcity of functional pVHL induces excessive vascular outgrowth, which is further enhanced by
miR-212/132 expression, providing an exciting target for the modulation of angiogenesis [6].

MicroRNAs are small noncoding RNAs that post-transcriptionally regulate the expression of groups
of target genes. However, these microRNAs can be modified themselves too, with all related consequences
for processes they regulate like arteriogenesis and angiogenesis. Recent studies have revealed that many
microRNAs have variants with altered terminal sequences, known as isomiRs. Additionally, endogenous
microRNAs have been identified that carry biochemically modified nucleotides, revealing a dynamic
microRNA epitranscriptome. Van der Kwast et al., provide in this Special Issue an overview on the
mechanisms of how both types of microRNA alterations are dynamically regulated in response to ischemia
and are able to influence angiogenesis and arteriogenesis [7].

The impact of hypoxia is studied by Parma et al. in their studies on intraplaque angiogenesis in
lesion in murine vein grafts that are hypoxic and show profound angiogenesis in the plaque. Resolving
the hypoxia by treatment of the mice with carbogen gas (95% oxygen) only had a short effect on
the hypoxia in the tissue. However, this study demonstrates that long-term carbogen treatment did
improve vein graft patency and plaque stability and reduced intraplaque macrophage accumulation
via ROS-mediated DNA damage and apoptosis, but failed to have long-term effects on hypoxia and
intraplaque angiogenesis [8].

The relation of atherosclerosis and the microvasculature is discussed in the review paper by
Ziegler et al., in this Special Issue. They describe how atherosclerotic risk factors have their impact on
capillary networks and that this is an element that is frequently forgotten in the current therapeutic
revascularization strategies. They advocate that the microcirculatory changes during atherosclerosis,
such as capillary rarefaction, warrant further investigation [9].

In the review by Caicedo et al., evidence for the involvement of the proangiogenic hormones of the
growth hormone (GH)/IGF-I axis in arteriogenesis dealing with the arterial occlusion and making of
them a potential therapy is described. All the elements that trigger the local and systemic production of
GH/IGF-I, as well as their possible roles both in physiological and pathological conditions, are analyzed.
Moreover, they describe the use of GH in the GHAS trial, in which GH or a placebo were administrated
to patients suffering from critical limb ischemia with no option for revascularization [10].

2



Cells 2020, 9, 1439

Exercise training is the most promising and is the first step in the treatment of patients with
peripheral arterial diseases. In their paper, Vogel et al. describe exercise-induced vascular adaptations
under pathologically reduced blood flow and compare this to changes after artificially reduced
blood flow. Major similarities include the overall ischemic situation, the changes in microRNA
(miRNA) expression, and the increased production of nitric oxide synthase (NOS) with their associated
arteriogenesis after training with blood flow restriction [11].

Last but not least, we address a specific form of arteriogenesis in this Special Issue. A huge
collateral network protects the central nervous system from ischemia. Patients are at risk of spinal
cord ischemia during (endovascular) aortic aneurysm repair surgery. However, predicting which
patient will develop postoperative problems is difficult. One possible reason for this is the rather
unknown arteriogenesis of the spinal cord blood supply. The review of Simon et al. aims to illuminate
arteriogenesis in general, with the focus on the special needs of the spinal cord blood supply [12].

We believe that the papers in this Special Issue, each addressing a specific aspect of arteriogenesis
and therapeutic angiogenesis, will help us to better understand the underlying mechanisms and will
help to promote arteriogenesis and therapeutic angiogenesis effectively in patients with vascular
occlusive diseases.
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Abstract: Beyond their role in pathogen recognition and the initiation of immune defense, Toll-like
receptors (TLRs) are known to be involved in various vascular processes in health and disease. We
investigated the potential of the lipopeptide and TLR2/6 ligand macrophage activating protein of
2-kDA (MALP-2) to promote blood flow recovery in mice. Hypercholesterolemic apolipoprotein
E (Apoe)-deficient mice were subjected to microsurgical ligation of the femoral artery. MALP-2
significantly improved blood flow recovery at early time points (three and seven days), as assessed
by repeated laser speckle imaging, and increased the growth of pre-existing collateral arteries in
the upper hind limb, along with intimal endothelial cell proliferation in the collateral wall and
pericollateral macrophage accumulation. In addition, MALP-2 increased capillary density in the
lower hind limb. MALP-2 enhanced endothelial nitric oxide synthase (eNOS) phosphorylation and
nitric oxide (NO) release from endothelial cells and improved the experimental vasorelaxation of
mesenteric arteries ex vivo. In vitro, MALP-2 led to the up-regulated expression of major endothelial
adhesion molecules as well as their leukocyte integrin receptors and consequently enhanced the
endothelial adhesion of leukocytes. Using the experimental approach of femoral artery ligation (FAL),
we achieved promising results with MALP-2 to promote peripheral blood flow recovery by collateral
artery growth.

Keywords: TLR2/6; femoral artery ligation; blood flow recovery; collateral growth

1. Introduction

Cardiovascular diseases are still one of the most common causes of morbidity and mortality
worldwide. In this regard, atherosclerosis—a chronic inflammatory disease of the arteries—has long
been identified as the underlying cause that could ultimately lead to fatal events such as myocardial
infarction, strokes [1] and also to peripheral artery disease (PAD) [2]. Atherosclerosis is characterized
as a progressing process of plaque growth in the arterial vessel wall that develops in the setting
of hyperlipidemia and goes along with vascular lumen stenosis, plaque rupture and erosion [3].
The growth of pre-existing collateral arteries (also termed as arteriogenesis) represents an endogenous
mechanism of bypassing occluded vessels and is an important adaptive response to maintain or restore
arterial perfusion [4]. Arteriogenesis occurs in tissues near to arterial stenosis whereas down-stream
ischemic regions undergo angiogenesis, which is the growth of new capillaries. Collateral growth is
driven by hemodynamic forces such as shear stress [5,6] and wall stress and leads to initial vasodilation

Cells 2020, 9, 997; doi:10.3390/cells9040997 www.mdpi.com/journal/cells5
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due to increased levels of nitric oxide [7]. It is the reason why significant stenoses of main arteries may
remain asymptomatic in patients for some time. However, in most cases, collateral growth could not
ensure sufficient blood supply to the affected region, which becomes ischemic over time. Therefore,
developing therapeutic approaches to improve this process is certainly desirable.

Just like atherosclerosis, collateral growth is critically driven by inflammatory processes.
Chemokines, such as CC-chemokine ligands (CCL)2, and adhesion molecules, such as intercellular
adhesion molecules (ICAM)-1, mediate the recruitment and accumulation of mainly monocytes into
the arterial wall at sites of collateral growth. The proliferation of endothelial cells and smooth muscle
cells subsequently lead to the lumen size expansion of the affected collateral artery [8]. In recent
years, we have successfully used the Toll-like receptor (TLRs) 2/6 agonist macrophage activating
protein of 2-kDA (MALP-2) to boost inflammatory processes and promote adaptive and regenerative
mechanisms. TLRs belong to the class of pattern recognition receptors which were initially discovered
on mammalian immune cells and recognize conserved pathogen-associated molecular patterns in order
to initiate the immune response and combat bacterial infections [9]. In addition, an important role of
TLRs has emerged later in many physiological as well as pathophysiological processes. For example,
during atherogenesis, pattern recognition receptors such as TLRs are involved in the induction of
inflammatory processes in response to exogenous and endogenous ligands which arise after necrotic cell
death or extracellular matrix degradation [10]. MALP-2 is a common diacylated bacterial lipopeptide
which is recognized by a heterodimer of TLR2 and TLR6 and was originally described as a potent
activator of macrophages [11–13]. We recently reported that a single application of MALP-2 triggers
beneficial vascular effects such as angiogenesis [14], endothelial wound healing and the inhibition
of neointima formation following vascular injury [15]. Additionally, we observed the augmented
angiogenic potential of mesenchymal stem cells after MALP-2 treatment in a sheep model of tissue
engineering [16]. Given the importance of inflammatory processes for collateral growth—and because
we had already established vascular cells as suitable target cells for MALP-2—we next investigated the
potential of MALP-2 to promote blood flow recovery after the experimental ligation of the femoral
artery by collateral growth in mice.

2. Materials and Methods

2.1. Reagents and Antibodies

The macrophage-activating lipopeptide of 2 kDa (MALP-2) was synthesized and purified as
described before [11]. Fibronectin was purchased from Promocell (Heidelberg, Germany), calcein-AM
from eBioscience (San Diego, CA, USA), 4′,6-diamidino-2-phenylindole (DAPI) from Sigma-Aldrich
(Munich, Germany). Phenylephrine (PE), acetylcholine (ACh), noradrenaline and N-Nitroarginine
methyl ester (L-NAME) were purchased from Sigma-Aldrich. Indomethacin was obtained from
Alfa Aaesar (Thermo Fisher Scientific, Waltham, MA, USA), sodium nitroprusside from Honeywell
(Seelze, Germany) and U46619 from Cayman Chemical (Ann Arbor, MI, USA). Antibodies for
immunofluorescence against CD68, CD31 and Ki67 were from Abcam (Cambridge, UK) and against
α-SMA-Cy3 were from Sigma-Aldrich. Antibodies for Western blot against VCAM-1 and β-Actin
were from Santa Cruz (Dallas, TX, USA) and against p-AKT (S473), AKT, p-eNOS (S1177) and eNOS
were from Cell Signaling Technology (Danvers, MA, USA). Appropriate secondary antibodies for
immunofluorescence and Western blot were purchased from Thermo Fisher Scientific (Waltham,
MA, USA).

2.2. Mice and Cells

The animal handling and all experimental procedures were in accordance with the guidelines
from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific
purposes and were approved by the Animal Care and Use Committee of the state Hessen (approval
reference numbers V54-19c20/15-B2/1152 (23.05.17); B2-1077 (29.07.16)). For femoral artery ligation
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(FAL), 8–12-week-old male C57BL/6 and BALB/c mice were purchased from Charles River (Sulzfeld,
Germany). Six to ten-week-old male Apoe-deficient mice with a C57BL/6 background from our own
breeding were fed a high fat diet (HFD, 21% butterfat, 1.5% cholesterol, Ssniff, Soest, Germany) for
12 weeks and operated on thereafter. Adductor muscles were isolated from the left and right upper
hind limbs of 10-week-old male C57BL/6 mice, cut into 1–2 mm pieces with fine scissors and 4 pieces
were placed in a well of a 96-well plate for ex vivo stimulation with MALP-2. The endothelial MyEnd
cell line was grown in Dulbecco’s modified Eagle medium (DMEM, Gibco, Darmstadt, Germany)
with 10% fetal calf serum (FCS, PAN-Biotech, Aidenbach, Germany) and 1% penicillin/streptomycin
(100 U/mL and 100 mg/mL, Sigma-Aldrich). The MyEnd cells showed typical endothelial properties
and, as they grew to complete confluence, were highly positive for the endothelial marker CD31 and
expressed the MALP-2 receptors TLR2 and TLR6 (Figure S1). The monocyte/macrophage cell line
J774A.1 was grown in DMEM-Glutamax (Gibco) with 10% FCS and 1% penicillin/streptomycin (P/S).

2.3. Experimental Femoral Artery Ligation (FAL)

The mice were subjected to FAL as described elsewhere [17]. During the surgical procedure,
the mice were under general anesthesia with isoflurane (2.5% for induction, 1.5–2.0% maintenance).
After the FAL, the mice were intravenously injected with MALP-2 (1 μg in 125 μL phosphate-buffered
saline (PBS) per mouse) or vehicle control (125 μL PBS). For postoperative analgesia, carprofen (5 mg/kg
body weight) was subcutaneously injected once prior to surgery. The contralateral leg served as the
control. After the termination of experiments, the mice were euthanized by an anesthetic overdose.

2.4. Laser Speckle Imaging

The perfusion of the hind paws was assessed using a laser speckle imaging device (moorFLPI-2;
software for acquisition and MoorFLPI Review V5.0 for evaluation, Moor Instruments, Axminster, UK)
on a heating plate (37 ◦C) before the FAL (d0 pre), immediately after (d0 post), and d3, d7 and d10 after
the FAL.

2.5. Histology and Immunohistochemistry

The mice were perfused with 10 mL of a vasodilation buffer (100 μg adenosine, 1 μg sodium
nitroprusside, 0.05% bovine serum albumin in PBS, pH 7.4), followed by 10 mL of 3% paraformaldehyde
post mortem. Tissue from the ligated left and the not ligated right adductor muscles was harvested
and placed in 15% sucrose in PBS for 4 h and overnight at 4 ◦C in 30% sucrose in PBS. The tissue
was cryopreserved in Tissuetek (Sakura Finetek, Staufen, Germany) and cut into 8 μm cryosections.
A morphometric analysis was performed using haematoxilin-eosin staining to evaluate the dimensions
of the collateral arteries with the help of ImageJ software (National Institutes of Health, Bethesda, MD,
USA). The cryosections were fixed with 5% paraformaldehyde and stained with antibodies against
Ki-67, CD31, α-SMA or CD68. The slides were covered with Mowiol (Sigma-Aldrich) and analyzed
with a confocal microscope (Leica SP5, Leica, Wetzlar, Germany).

2.6. Organ Chamber Experiments (Wire Myography)

The male C57BL/6 mice of 10–12 weeks were killed by CO2/O2 inhalation. The mesenteric artery
was dissected free from surrounding fat and connective tissue and directly mounted in a wire myograph
(Danish Myo Technology, Aarhus, Denmark) containing Krebs solution (119 mM NaCl, 4.7 mM KCl,
2.5 mM CaCl2·2H2O, 1.17 mM MgSO4·7H2O, 20 mM NaHCO3, 1.18 mM KH2PO4, 0.027 mM EDTA,
11 mM glucose). Mesenteric arterial segments (2 mm) were distended to the diameter at which maximal
contractile responses to 10 μM noradrenaline could be obtained. The maximal relaxing response
to acetylcholine (ACh, 10 μM) was recorded during a contraction induced by 10 μM noradrenaline;
arterial segments which showed less than 85% relaxation were discarded from the experiments.
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2.7. Real-Time PCR

For the analysis of the mRNA expression, the total RNA was isolated using
RNA-Solv®Reagent (Omega Bio-tek, Norcross, GA, USA) following the manufacturer’s instructions
and reverse-transcribed with SuperScript reverse transcriptase, oligo(dT) primers (Thermo Fisher
Scientific), and deoxynucleoside triphosphates (Promega, Mannheim, Germany). Real-time PCR was
performed in duplicates in a total volume of 20 μL using Power SYBR green PCR Master Mix (Thermo
Fisher Scientific) on a Step One Plus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA)
in 96-well PCR plates (Applied Biosystems). The SYBR Green fluorescence emissions were monitored
after each cycle. For normalization, the expression of glyceraldehyde 3-phosphate dehydrogenase as
housekeeper was determined in duplicates. The gene expression was calculated using the 2− ΔΔCt

method. The PCR primers were obtained from Microsynth AG (Balgach, Switzerland) and are available
upon request.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA)

The supernatant from cultured tissue pieces of the adductor muscles of C57BL/6 mice was analyzed
for CCL2, GM-CSF, IL-1α and TNF-α using a mouse-specific ELISA from R&D Systems (Minneapolis,
MN, USA) according to the manufacturer’s protocol with the help of an Infinite M200 PRO plate reader
(TECAN Instruments, Maennedorf, Switzerland).

2.9. Western Blot

The total protein was extracted with a buffer that contained 150 mM NaCl, 1% Triton X-100, 0.5%
sodiumdeoxycholate, 0.1% SDS and 50 mM Tris that was supplemented with a protease inhibitor cocktail
(Roche, Penzberg, Germany). The total protein content was measured using a protein quantitation
assay (Thermo Fisher Scientific) according to the manufacturer’s protocol. The total protein (20 μg) was
loaded onto 10% denaturing SDS gel and transferred to 0.45 mm polyvinylidene fluoride membranes
(GE Healthcare, Little Chalfont, UK) for immunoblotting. The membranes were blocked with 5% nonfat
dry milk (Sigma-Aldrich) and probed with primary antibodies against VCAM-1, β-Actin, p-AKT, AKT,
p-eNOS and eNOS, followed by horseradish peroxidase–labeled secondary antibodies. Proteins were
detected using a chemiluminescence substrate (Bio-Rad Laboratories, Hercules, USA). The results were
documented on a Chemo-star imaging system (INTAS, Göttingen, Germany). The signal intensity of
the chemiluminescence was quantified using Quantity One software (Bio-Rad).

2.10. Griess Assay

The MyEnd cells were plated in fibronectin-coated wells of a 96-well plate (TPP, Trasadingen,
Switzerland) in DMEM with 10% FCS and 1% P/S and grown to complete confluence. The cells were
starved in DMEM with 1% FCS and 1% P/S for 16 h and stimulated with MALP-2 (1 μg/mL) for 2 h.
The NO levels in each well were measured using a Griess reagent (Sigma-Aldrich) according to the
manufacturer’s instructions.

2.11. Adhesion Assay

The MyEnd cells were plated in fibronectin-coated wells of a 48-well plate (TPP) in DMEM with
10% FCS and 1% P/S and grown to complete confluence. The cells were starved in DMEM with 1%
FCS and 1% P/S for 16 h and stimulated with MALP-2 (1 μg/mL) for 6 h. In parallel, J774A.1 cells were
labeled with 5 μM of calcein-AM (Invitrogen, Carlsbad, CA, USA). according to the manufacturer’s
instructions. After stimulation, the MyEnd cells were washed twice with 500 μL of PBS per well;
0.5×106 labeled J774A.1 cells in 500 μL of DMEM with 1% FCS were added per well and co-cultured
for 1 h in 5% CO2 at 37 ◦C. After co-incubation, each well was washed three times with 500 μL of
PBS and 10 high powerfield (HPF) digital images were taken using an Axio Vert.A1 microscope
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equipped with an AxioCam MRm camera (Carl Zeiss, Microimaging, Jena, Germany). The adhered
calcein-AM-labeled J774A.1 cells per HPF image were counted using ImageJ software.

2.12. Statistical Analysis

All the data are represented as means ± SEM. The data were compared using the 2-tailed Student
t-test for independent samples or by a 1-way ANOVA followed by the Tukey multiple comparison
test (GraphPad Prism, version 6.05; GraphPad Software, La Jolla, CA, USA). A value of P < 0.05 was
considered statistically significant. The numbers of independent experiments are indicated in each
figure legend. The real-time PCR was performed in technical duplicates.

3. Results

3.1. MALP-2 Improved Perfusion Recovery and Collateral Growth in the Hind Limb Following FAL in
Hypercholesterolemic Apoe-Deficient Mice

Based on our previous findings [14–16], we hypothesized that MALP-2 is capable of promoting
collateral growth. To analyze the functional effects of systemic MALP-2 application in this regard,
the mouse FAL model was applied sequentially to two different wild-type mice strains (C57BL/6 and
BALB/c) and additionally to Apoe-deficient mice (Apoe-KO) on a high fat diet (HFD) for 12 weeks.
Laser Speckle perfusion measurements were performed prior to and after surgery as well as on days 3
and 7 and, for Apoe-KO mice, on day 10. Following the left FAL, the ratio of left hind limb perfusion
compared to that of the hind paw of the non-ligated right site dropped to less than 25% in all groups
(Figure 1a). The perfusion recoveries of C57BL/6 and BALB/c wild-type mice which received MALP-2
or PBS (control) were found to be similar on day three and day seven post FAL (Figure 1a). However,
MALP-2 significantly improved the perfusion recovery of hypercholesterolemic Apoe-KO mice on
day three post FAL. The beneficial effect of MALP-2 on perfusion recovery was limited to early time
points and returned to control conditions on day 10 post FAL (Figure 1a,b). Since the functional
improvement of MALP-2 in the FAL model was limited to Apoe-KO mice on a HFD, we concluded that
hypercholesterolemic conditions with compromised vascular functions are required for the observed
beneficial effects of MALP-2; we therefore focused on this model in the following analysis.

The remodeling of the collateral arteries was verified by morphometry in cross sections of the
left adductors 10 days after the FAL. The MALP-2 application significantly increased the collateral
inner diameter as well as the collateral wall area, thus documenting enhanced collateral growth with
MALP-2 (Figure 1c). Since collateral growth is critically influenced by hemodynamic forces, we
analyzed the atherosclerotic arterial plaque load in the experimental Apoe-KO mice after 12 weeks of
the HFD diet. As expected, we detected plaques in the aortic root and in the thoracoabdominal aorta.
However, the atherosclerotic plaque load was not different between the control and the MALP-2-treated
group (Figure S2a,b). Plaques in the femoral artery were only detected in rare cases. In addition, we
investigated the collateral arteries, which were found to be highly positive for Oil Red O, indicating
lipid deposition in the collateral vascular wall in hypercholesterolemic Apoe-deficient mice (Figure S2c).
As expected, this was not the case in parallel-performed control Oil Red O staining in collaterals
from C57BL/6 mice (Figure S2c). However, atherosclerotic plaques were not detected, excluding the
possibility that plaque morphology itself might influence the hemodynamics and thereby collateral
remodeling and growth.

3.2. MALP-2 Increased Pericollateral Macrophage Accumulation, Endothelial Cell Proliferation and
Downstream Angiogenesis Following FAL

In order to investigate the influence of MALP-2 on the vascular remodeling process, tissue from
the adductor muscles was harvested from hypercholesterolemic Apoe-deficient mice 3, 7 and 10 days
following the FAL. In the initial phase, the collateral growth is critically driven by pericollateral
macrophage assembly and endothelial proliferation [4,6,18]. MALP-2 significantly increased the
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macrophage accumulation around the collateral artery on day three after the FAL compared to the
control. There was no effect of MALP-2 at later time points (Figure 2a). Likewise, we detected
significantly more proliferating endothelial cells in MALP-2-treated mice on days three and seven after
the FAL. In general, no proliferating endothelial cells were detected on day 10 (Figure 2b). The stenosis
or occlusion of a major arterial conductance vessel entails a reduced blood supply and subsequent
ischemia in the downstream supply area. Angiogenesis with an increased capillary density is usually
the counteracting adaptive process in tissue ischemia. Therefore, we investigated angiogenesis in the
gastrocnemius muscle and found that MALP-2 increased the capillary density on day three and day
seven. This was not different anymore on day 10 post FAL (Figure 2c). Our results indicated that the
effects of MALP-2 on collateral growth occurred within the first seven days after FAL.

Figure 1. MALP-2 improved the perfusion recovery and collateral growth in the hind limb following
femoral artery ligation (FAL) in hypercholesterolemic Apoe-deficient mice. (a) Following the FAL,
the perfusion recovery was determined by laser Speckle perfusion imaging for C57BL/6, BALB/c
and hypercholesterolemic Apoe-KO mice (12 weeks on a high fat diet (HFD)) treated with MALP-2
or PBS (control) pre/post the FAL, after three and seven days and, in Apoe-KO mice, after 10 days.
Data are expressed as the ratio of the ligated and the non-ligated hind limb. ** P < 0.01, N = 4–7.
(b) Representative laser speckle perfusion images indicate the effect of MALP-2 compared to the
control (PBS) on perfusion recovery in the ligated hind limbs of Apoe-KO mice pre/post the FAL and
after 3, 7 and 10 days. (c) Representative haematoxilin-eosin staining of cross sections of collateral
arteries in the adductor muscle of the ligated and the non-ligated hind limbs of hypercholesterolemic
Apoe-KO mice treated with MALP-2 or PBS (control) 10 days after the FAL and the corresponding
morphometric analysis of the collateral diameter and wall area. Scale bar = 10 μm. * P < 0.05 vs. control,
N = 6–14 collaterals.
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Figure 2. MALP-2 increased pericollateral macrophage accumulation, endothelial cell proliferation
and downstream angiogenesis following FAL. This shows the representative immunostaining of cross
sections of collateral arteries in the adductor muscle and the calf muscle of the ligated hind limb in
hypercholesterolemic Apoe-KO mice treated with MALP-2 and PBS (control) 3, 7 and 10 days after
the FAL and the corresponding quantitative analysis. (a) CD68 staining to assess the accumulation of
macrophages around the collateral (α-SMA indicates the media of the collateral wall). Scale bar = 25 μm.
(b) Ki67 staining to determine the portion of proliferating CD31-positive collateral endothelial cells
(white arrow heads). Scale bar = 25 μm. (c) CD31 indicates capillary density in the calf muscle. Scale
bar = 50 μm. * P <0.05, ** P <0.01 vs. control, N = up to 20 collaterals, n.d. = not detected.

To explore which factors were potentially involved in the process of MALP-2-induced collateral
growth, we stimulated tissue pieces of the adductor muscles from C57BL/6 mice ex vivo with MALP-2.
A real-time PCR analysis revealed increased expression levels for the established mediators of collateral
growth such as CC-chemokine ligand 2 (Ccl2) [19] and granulocyte macrophage colony-stimulating
factor (Gm-csf ) [20] as well as, for the general inflammatory markers, interleukin 1β (Il-1β) and tumor
necrosis factor-α (Tnf-α, Figure 3a). Likewise, the corresponding protein in the supernatant was found
to be enhanced (Figure 3b). Das et al. recently reported that the axis of C-X-C motif chemokine ligand 2
(CXCL12, also known as stromal cell-derived factor 1) and its receptor C-X-C motif receptor 4 (CXCR4)
is relevant for the injury-induced cardiac collateral growth in neonatal mice and could also be induced
by exogenous CXCL12 in adult mice [21]. However, MALP-2 did not induce Cxcl12 expression ex
vivo in the adductor muscle tissue (Figure 3c) or in the cultured MyEnd endothelial cells (Figure 3d),
suggesting that this process did not play a role in MALP-2-dependent collateral growth.

3.3. MALP-2 Improved NO-Dependent Vascular Relaxation and Enhanced Endothelial Cell-Derived
NO Release

Since endothelial dysfunction may limit collateral growth itself or the beneficial effects of collateral
vessels on tissue perfusion, we assessed the effect of MALP-2 on vascular relaxation. To this end, we
isolated mesenteric arteries from C57BL/6 mice to perform wire myography. MALP-2 significantly
improved acetylcholine (ACh)-induced relaxation of phenylephrine (PE)-preconstricted (10 μM)
mesenteric arteries (Figure 4a). To test for differences in endothelium-derived NO release, we
inhibited endothelium-dependent hyperpolarization by depolarizing the vessels with high potassium
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buffers (60 mM K+) and by inhibiting cyclooxygenases using indomethacin. Under these conditions,
the relaxing responses to ACh could be entirely attributed to NO [22]. The MALP-2 treatment resulted
in significantly increased endothelium-derived NO responses (Figure 4b). This effect completely
disappeared when the endothelial nitric oxide synthase (eNOS) was additionally blocked with L-NAME
(Figure 4c). Furthermore, MALP-2 also significantly improved the relaxation response in thoracic
aorta (data not shown). These results demonstrated a crucial role for endothelium-derived NO
in MALP-2-dependent vascular relaxation. Moreover, in MyEnd cells, MALP-2 led to a fast and
transient increase in the protein kinase B (also known as AKT) phosphorylation (Figure 5a) and eNOS
phosphorylation (Figure 5b) and consequently to an increased NO release (Figure 5c).

Figure 3. MALP-2 up-regulated inflammatory genes in the upper hind limb muscle. Tissue pieces of
the adductor muscles of C57BL/6 mice were isolated and stimulated ex vivo with MALP-2 (1 μg/mL);
Ccl2, Gm-csf, Il-1β and Tnf-α mRNA levels were analyzed after the indicated times by (a) real-time
PCR and (b) the corresponding protein in the supernatant after 6 h by ELISA. CXCL12 mRNA levels
were analyzed (c) in tissue pieces of the adductor muscle of C57BL/6 mice ex vivo and in (d) MyEND
cells following MALP-2 stimulation (1 μg/mL) after the indicated times by real-time PCR. * P < 0.05,
** P < 0.01 vs. control, N = 4–6.

3.4. MALP-2 Up-Regulated Endothelial Adhesion Molecules and Enhanced the Endothelial Adhesion of
Monocytic Cells

Arteriogenesis is a multi-faceted, highly coordinated process involving the endothelial adhesion
of monocytes onto endothelial cells [4,6]. To explore the potential underlying mechanism responsible
for the positive effects of MALP-2 on collateral growth after FAL, we conducted a series of in vitro
experiments. In endothelial MyEnd cells, MALP-2 led to a strong transient increase in the mRNA
levels of vascular cell adhesion molecule-1 (Vcam-1) after only 1 h (Figure 6a) and slightly delayed to
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an increase in VCAM-1 protein levels (Figure 6b). The mRNA levels of the other major endothelial
adhesion molecules, i.e., intercellular adhesion molecule-1 (Icam-1), E-selectin and P-selectin, were
also increased between 1 and 3 h following the MALP-2 stimulation (Figure 6a). In addition, we
investigated the mRNA expression of integrin receptors on monocytes/macrophages as counterparts to
the endothelial adhesion molecules. Likewise, the mRNA levels of integrin α4β1 (very late antigen-4,
Vla4), integrin αM (Itgam) and E-selectin ligand-1 (Esl-1) were slightly and transiently increased in
the monocyte/macrophage cell line J774A.1 by MALP-2 (Figure S3). Consequently, the pretreatment
of a monolayer of MyEnd cells with MALP-2 almost doubled the number of adherent J774A.1 cells
(Figure 6c).

Figure 4. MALP-2 improved NO-dependent vascular relaxation in the mesenteric arteries of C57BL/6
mice. (a) The relaxation response to acetylcholine (ACh 0.001–10 μM) during phenylephrine-induced
(PE, 10 μM) contraction in mesenteric arteries incubated with MALP-2 or PBS (control), N = 6.
(b) The relaxation response to ACh (0.01–10 μM) during K+-induced (60 mM) contraction in
mesenteric arteries incubated with indomethacin (10 μM, COX-inhibitor) and MALP-2 or PBS, N = 3.
(c) The relaxation response to ACh (0.001–10 μM) in the presence of L-NAME (100 μM, NOS inhibitor)
and indomethacin (10 μM). A.U.C. = area under the curve, * P < 0.05 vs. control, N = 3.
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Figure 5. MALP-2 enhanced the endothelial cell-derived NO release. MyEnd cells were stimulated
with MALP-2 (1 μg/mL); (a) the AKT phosphorylation (p-AKT) as well as (b) the eNOS phosphorylation
(p-eNOS) were analyzed after the indicated times by Western blot and (c) the NO release was analyzed
with the Griess reagent. The numbers between panels indicate fold-change vs. unstimulated after
normalization to total AKT or eNOS, respectively. β-Actin was used as the loading control. * P < 0.05
vs. control, N = 4–5.

Figure 6. MALP-2 up-regulated endothelial adhesion molecules and enhanced the endothelial adhesion
of monocytic cells. (a) The MyEnd cells were stimulated with MALP-2 (1 μg/mL) and the VCAM-1,
ICAM-1, E-selectin and P-selectin mRNA levels were analyzed after the indicated times by real-time
PCR. * P < 0.05, ** P < 0.01 vs. control, N = 6–8. (b) The MyEnd cells were stimulated with MALP-2
(1 μg/mL) and the VCAM-1 protein expression was analyzed after the indicated times by Western
blot. β-Actin was used as the loading control. The numbers between panels indicate fold-change vs.
unstimulated after normalization to β-Actin. * P < 0.05 vs. control, N = 4–5. (c) Fluorescence images
depicting calcein-AM-labeled J774A.1 cells on a MyEnd monolayer with or without pretreatment with
MALP-2 (1 μg/mL) for 6 h with an additional adhesion time of 1 h and the corresponding quantitative
analysis. Pictures before and after washing are shown. Scale bar = 100 μm, ** P < 0.01 vs. control, N = 3.
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4. Discussion

Atherosclerosis, as a chronic inflammatory arterial disease, contributes to the major mortality of
cardiovascular diseases worldwide. On the one hand, this is due to acute events such as myocardial
infarction and strokes [23], but on the other, this is due to progressive lumen stenosis, which is the
main trigger for adaptive arteriogenesis [4–6,18].

In this regard, growing collaterals represent a naturally occurring adaptive bypass system to
avoid tissue ischemia. Well-developed collaterals, despite significant stenosis or even the occlusion of
major coronary or peripheral arteries, could be the reason why some patients stay asymptomatic over a
long period of time [4]. However, collateral growth is usually not sufficient to protect patients against
ischemia for all their lives and thus therapies supporting this process are desirable. The model used in
this study was a model of hind limb ischemia in mice. Critical limb ischemia represents the most severe
form of PAD in patients [24,25]. The highly deadly disease is characterized by pain during walking and
even at rest, as well as non-healing ulcers in the lower extremities. If the extent of the femoral artery
occlusion due to advanced atherosclerosis becomes too large for percutaneous or surgical interventions,
limb amputation remains the only treatment option. Catheter-based angiographic interventions or
surgical bypasses are basically emergency procedures for the revascularization of the main artery in
order to restore limb perfusion. Similar to these interventions, novel therapies such as cell-based or
molecular therapies normally do not promote collateral growth [24,25]. Studies addressing therapeutic
arteriogenesis are rare. Some of those investigated the potential of GM-CSF, identified in a rabbit
model [20], with different outcomes in patients with coronary artery disease [26] or PAD [27]. Finally,
the therapeutic improvement of collateral growth in cardiovascular patients hardly plays a role in
clinical practice at present. In the current study, we used the lipopeptide and TLR2/6 ligand MALP-2
to investigate therapeutic arteriogenesis. Over the past few years, we had already demonstrated the
high potential of MALP-2 to promote vascular regeneration, such as angiogenesis [14] and endothelial
regeneration after vascular wounding [15]. We now identified the possible application of MALP-2 to
promote arteriogenesis and uncovered the potential underlying mechanisms. We found that MALP-2
functionally improved perfusion recovery in the hind limb by enhanced collateral growth. The increase
in the collateral lumen diameter was driven by augmented pericollateral macrophage accumulation
and enhanced endothelial cell proliferation. MALP-2-enhanced the NO release of endothelial cells
and improved NO-dependent vasorelaxation as well as endothelial adhesion molecule expression
and subsequent monocytic cell adhesion. We had already reported enhanced secretion of GM-CSF
from endothelial cells of various origin following MALP-2 stimulation [14,15]. Since the beneficial
effect of GM-CSF on collateral growth has already been proven in animal experiments [20] and clinical
studies [27], it is conceivable that the observed beneficial effect of MALP-2 on collateral growth
is dependent on growth factors such as GM-CSF as well. Of note, we did not see any beneficial
effects of MALP-2 application in two commonly used wild-type mouse strains—neither in C57BL/6
mice nor in BALB/c mice, which have known differences in cardiovascular regeneration [28]. As we
saw the functional and morphological changes upon MALP-2 treatment that were summarized
above exclusively in Apoe-deficient mice on a HFD and not in wild-type mice, we concluded
that hypercholesteremic conditions are required for the beneficial MALP-2 effects on arteriogenesis.
This conclusion was supported by the observation—to our knowledge, for the first time—that the
collaterals were already positive for Oil Red O in this model. The staining demonstrated lipid deposition
in the vascular wall of the collaterals, indicating vascular dysfunction. Ultimately, the mouse model
used—with compromised vascular function and advanced atherosclerotic plaque load in larger
arteries— approximately reflects the situation of cardiovascular patients.

In order to optimize the application route of MALP-2, we tested different variants. Initially, our
intention was to choose an application route to bring MALP-2 as close as possible to the pre-existing
collaterals after ligation. Therefore, we injected MALP-2 divided into small quantities into the Musculus
adductor near to the collaterals. However, at the sites of injection, the tissue was affected in such a
manner that subsequent histological analyses were not possible anymore. In addition, we tried to
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inject directly into the femoral artery proximal to the ligation. This application route proved difficult
due to the small dimensions of the vessel. Since we observed increased mortality after the operation,
we refrained from using this method. In the end, we chose the widely used intravenous application
route (tail vein) for the MALP-2 injection, knowing that the lipophilic substance would be partially
absorbed by the endothelium and that only small amounts would enter the target area of the collaterals.
Although our approach was successful, there is still room to improve application strategies to bring
MALP-2 into close proximity to the collaterals, e.g., in a biodegradable intra-arterial matrigel deposit
or similar.

The potential limitations of our study are the same as those that generally apply for experimental
studies in mice. The ligation of the femoral artery induces the growth of pre-existing collateral
arteries and is therefore widely accepted as a reliable model for arteriogenesis. However, the vascular
dimensions and related hemodynamic forces are different to the situation of cardiovascular patients.
To substantiate our findings for a potential therapeutic use in promoting collateral growth, experiments
in higher animals are needed. In regard to therapeutic angiogenesis, this has been already done
in a sheep model of tissue engineering [16]. Moreover, we used just one single dose of MALP-2
(1 μg/mouse) as this was proved to be effective in a previous in vivo study by our group [15].
Dose-response experiments would maybe reveal an even more effective dose. However, based on
the data already published, our local animal authorities did not approve dose-finding experiments in
this study.

Seemingly, TLR2/6 signaling is particularly suitable in promoting vascular regeneration and
adaptation. This is not only documented by our studies [14–16]. Indeed, other TLR2 ligands, such as
bacterial peptidoglycan [29] or the proteoglycan versican as an endogenous ligand [30], have been
shown to induce angiogenic factors. Likewise, endogenous lipid oxidation productions are capable of
promoting angiogenesis [31]. The common principle of our studies is a single bolus injection of MALP-2
to transiently increase inflammation, which could be considered an immunological mechanism to
promote regeneration and adaptation. In contrast, long-term application of MALP-2 led to increased
circulating inflammatory markers and increased atherosclerosis [32].

In summary, we identified a novel property of the lipopeptide and TLR2/6 ligand MALP-2 to
restore blood flow recovery by enhanced collateral growth with possible implications for therapeutic
arteriogenesis (Figure S4).
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Abstract: Mast cells have been associated with arteriogenesis and collateral formation. In advanced
human atherosclerotic plaques, mast cells have been shown to colocalize with plaque neovessels,
and mast cells have also been associated with tumor vascularization. Based on these associations,
we hypothesize that mast cells promote angiogenesis during ischemia. In human ischemic muscle
tissue from patients with end-stage peripheral artery disease, we observed activated mast cells,
predominantly located around capillaries. Also, in mouse ischemic muscles, mast cells were detected
during the revascularization process and interestingly, mast cell activation status was enhanced up to
10 days after ischemia induction. To determine whether mast cells contribute to both arteriogenesis
and angiogenesis, mast cells were locally activated immediately upon hind limb ischemia in C57Bl/6
mice. At day 9, we observed a 3-fold increase in activated mast cell numbers in the inguinal lymph
nodes. This was accompanied by an increase in the amount of Ly6Chigh inflammatory monocytes.
Interestingly, local mast cell activation increased blood flow through the hind limb (46% at day 9)
compared to that in non-activated control mice. Histological analysis of the muscle tissue revealed
that mast cell activation did not affect the number of collaterals, but increased the collateral diameter,
as well as the number of CD31+ capillaries. Together, these data illustrate that locally activated mast
cell contribute to arteriogenesis and angiogenesis.

Keywords: arteriogenesis; angiogenesis; innate immunity; mast cell

1. Introduction

The mast cell, part of the innate immune system, generally resides in tissues such as the lung
and the skin to protect against pathogens like bacteria and parasites. Mast cells have also been
described to participate in diseases such as asthma, allergies, and rheumatoid arthritis. Over the
last decades, the mast cell has been implicated in cardiovascular diseases as well, for example in
atherosclerosis [1,2], the underlying pathology of acute cardiovascular diseases including peripheral
artery disease (PAD) [3,4]. Interestingly, mast cell numbers in advanced human atherosclerotic plaques
obtained after endarterectomy surgery were seen to be of predictive value for the incidence of a
secondary cardiovascular event [5]. In those plaques, mast cell density associated with the number
of CD31+ microvessels [5]. Mast cells have also been associated with arteriogenesis and collateral
formation [6]. Mast cells can secrete growth factors and pro-inflammatory cytokines that can recruit
immune cells such as neutrophils and monocytes to the site of inflammation, thus further enhancing a

Cells 2020, 9, 701; doi:10.3390/cells9030701 www.mdpi.com/journal/cells19



Cells 2020, 9, 701

pro-inflammatory response [6–8]. Patients with systemic mastocytosis, a disease that is characterized
by the excessive accumulation of mast cells in tissue or organs, experienced an increased prevalence of
cardiovascular disease events, such as myocardial infarction, stroke, and importantly, peripheral artery
disease, which is actually caused by the development of atherosclerosis in the arteries that supply
oxygen to the extremities [9]. These associative data suggest that the mast cell may actively contribute
to these underlying pathologies, and preclinical studies have been performed to elucidate underlying
mast cell pathways that are causally related to vascular remodeling and the related disease outcome.

We speculate that mast cells may affect atherosclerotic plaque progression and PAD by increasing
angiogenesis. Plaque angiogenesis has been shown to be related to atherosclerotic plaque progression
and also, during tumor development, mast cells have been implicated in angiogenesis [10]. Mast cells
have been shown to induce tumor endothelial proliferation by the release of Vascular Endothelial
Growth Factor (VEGF) in response to the hypoxic environment in the tumor [10], which may be
translatable to muscles in PAD patients, in which hypoxia occurs as well [11,12]. Although induction
of neovascularization, in particular angiogenesis, maybe unfavorable for atherosclerosis progression,
in PAD, the induction of neovascularization by mast cells, more precisely by inducing collateral
formation and angiogenesis, may act as a repair pathway to resupply the ischemic limb tissue with
oxygen. This neovascularization process requires a pro-inflammatory response, which is thus, on one
hand, beneficial to resolve ischemia, but may on the other hand lead to enhanced progression of
atherosclerosis. This two-faced process is also known as the Janus phenomenon [13]. Recently,
the contribution of mast cells to arteriogenesis and collateral formation in a shear-stress induced mouse
model of hind limb ischemia (HLI) has been described by Chillo and colleagues [6]. In that study,
mast cells were systemically activated with the mast cell activator compound 48/80 upon ligation of the
femoral artery, which resulted in increased hind limb perfusion. Treatment with the mast cell stabilizer
cromolyn prevented the mast cell-induced effects on arteriogenesis and the investigators identified
the neutrophil as a prominent effector cell involved in the mechanism behind mast cell-induced
arteriogenesis. However, in that study, mast cell activation-dependent effects on angiogenesis in the
ischemic muscles were not reported.

In this study, we aimed to investigate whether local induction of mast cell activation can
stimulate blood flow recovery in a mouse hind limb ischemia model by inducing angiogenesis as well
as arteriogenesis.

First, we analyzed the number and activation status of mast cells in human ischemic tissue,
obtained after limb amputation. Next, we induced hind limb ischemia in mice by ligation of the femoral
artery and at time of ligation, we activated mast cells in the hind limb by a skin sensitization/challenge
protocol using a pluronic gel to apply the hapten DNP locally at the ligation site as described
before [7,14], after which blood perfusion was measured using laser Doppler imaging. Mast cell
activation increased reperfusion of the hind limb by not only increasing arteriogenesis, but also
angiogenesis, which is at least partly induced by increasing the pro-inflammatory monocyte response.

2. Materials and Methods

2.1. Tissue Collection from Patients with End-Stage Peripheral Artery Disease

Sample collection of tissues from patients with end-stage peripheral artery disease undergoing
limb amputation was approved by the Medical Ethics Committee of the Leiden University Medical
Center (Protocol No. P12.265). Written informed consent was obtained from the participants. Inclusion
criteria were a minimum age of 18 years and lower limb amputation, excluding ankle, foot, or toe
amputations. Exclusion criteria were suspected or confirmed malignancy and inability to give informed
consent. Gastrocnemius and soleus muscle samples obtained from 15 patients were formalin fixed,
processed, paraffin embedded sectioned, and stained for mast cells. From these patients, n = 1 had
type I diabetes and n = 7 suffered from type II diabetes.
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2.2. Hind Limb Ischemia Model

This study was performed in accordance with the Directive 2010/63/EU of the European Parliament
and Dutch government guidelines. All experiments were approved (reference number 14185) by
the Leiden University and Leiden University Medical Center committee on animal welfare (Leiden,
the Netherlands). Wild-type C57Bl/6J mice were bred in our in-house breeding facility. Male mice aged
8 to 12 weeks were housed in groups with free access to water and regular chow.

Before the unilateral hind limb ischemia, mice were anesthetized by i.p. injection of midazolam
(8 mg/kg, Roche Diagnostics, Basel, Switzerland), medetomidine (0.4 mg/kg, Orion, Espoo, Finland),
and fentanyl (0.08 mg/kg, Janssen Pharmaceuticals, Beerse, Belgium). Hind limb ischemia was induced
by electrocoagulation on two locations of the left femoral artery; the first ligation proximal to the
superficial epigastric artery and the second proximal to the bifurcation of the popliteal and saphenous
artery [15,16]. After surgery, anesthesia was antagonized with with atipamezol (2.5 mg/kg, Orion,
Espoo, Finland) and flumazenil (0.5 mg/kg, Fresenius Kabi, Bad Homburg vor der Höhe, Germany).and
buprenorphine (0.1 mg/kg, MSD Animal Health, Keniworth, NJ, USA) was provided as a painkiller.
For the time course, 5 mice per time point were used, whereas for both the long-term (t28) and
short-term (t9) HLI experiments, 8–9 mice per group were used.

2.3. Local Mast Cell Activation with DPN treatment

Mice were skin-sensitized on the shaved abdomen and paws for 2 consecutive days with a
dinitrofluorobenzene (DNFB (D1529) solution (0.5% v/v in acetone:olive oil (4:1), Sigma-Aldrich, St.
Louis, MO, USA) as described previously to sensitize the mice for the hapten DNP [7,14]. In the
control mice, a vehicle solution of acetone:olive oil (4:1) was applied. At the end of the hind limb
ischemia procedure, which was scheduled one week after the skin-sensitization procedure, 50 μg
dinitrophenyl hapten (DNP (D198501), Sigma-Aldrich, St. Louis, MO, USA) in a pluronic gel (25%
w/v, Sigma-Aldrich, St. Louis, MO, USA) was applied around the ligated areas of the left hind limb to
locally activate the mast cells. Empty pluronic gel was applied in the control mice. This model has
been previously applied [7,14,17,18] and has been shown to specifically induce mast cells activation
upon local hapten application.

2.4. Laser Doppler Perfusion Measurements

Before and directly after surgery and at 3, 7,10, 14, 21, and 28 days after surgery, blood flow recovery
to the ligated hind limb and the unligated control paw were measured using Laser Doppler Perfusion
Imaging (LDPI) (Moor Instruments, Axminster, UK). Before the LDPI measurements, mice were
anesthetized by i.p. injection of midazolam (8 mg/kg) and medetomidine (0.4 mg/kg,). Next, mice were
placed in a double glazed pot, perfused with water at 37 ◦C for 5 min [19]. After LDPI, anesthesia
was antagonized by subcutaneous injection of flumazenil (0.7 mg/kg). LDPI measurements in the
ligated paw were normalized to measurements of the unligated paw, as an internal control. At sacrifice,
after the last LDPI measurement, analgesic fentanyl (0.08 mg/kg) was administered, blood was drawn,
and mice were sacrificed via cervical dislocation. The adductor and soleus muscles were harvested
and fixed in 4% formaldehyde. For a second short experiment, animals were sacrificed at day 9,
where blood was collected by orbital bleeding and the inguinal lymph nodes were isolated for further
analyses. Again, the adductor and soleus muscles were harvested and fixed in 4% formaldehyde for
histology analysis.

2.5. Immunohistochemistry

Mast cells were visualized by staining using a naphthol AS-D chloroacetate esterase staining kit
(#91C, Sigma-Aldrich, St. Louis, MO, USA) and counted manually. A mast cell was considered resting
when all granula were maintained inside the cell, while mast cells were assessed as activated when
granula were deposited in the tissue surrounding the mast cell (examples are shown in Figure 1A).
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Tissue size was quantified by the Leica image analysis system (Leica Ltd., Cambridge, UK). Paraffin
embedded adductor and soleus muscle were stained with alpha smooth muscle actin (aSMA) (1A4,
DAKO, Glostrup, Denmark) to visualize smooth muscle cell positive collaterals. Soleus muscles were
stained for capillaries using CD31 (Sc-1506, Santa Cruz, Dallas, TX, USA) and macrophages using
MAC3 (550292, BD-Pharmingen, Franklin Lakes, NJ, USA) together with aSMA and DAPI (Sigma,
Santa Clara, CA, USA) as nuclear staining. For each antibody, negative controls were included using
specific isotype-matched antibodies. The Pannoramic MIDI digital slide scanner (3DHistech, Budapest,
Hungary) was used to create high-resolution images of the muscles. Snapshots (9 representative
images per muscle) were taken using the caseviewer software (3DHistech) with a 40×magnification.
aSMA positive collaterals were analyzed by counting the number of collaterals and measuring the
diameters of each collateral with a visible lumen to determine arteriogenesis. CD31 positive capillaries
and the number of MAC3 positive macrophages were quantified. All quantifications were performed
using FIJI Image J image analysis software (ImageJ, Bethesda, MD, USA).

 

Figure 1. Mast cells in calf muscles of patients with peripheral artery disease. (A) Representative
high-magnification image of a non-activated (left) and activated (right) mast cell, stained using a
chloro-acetate esterase (CAE) staining and indicated by arrows. The non-activated mast cell shows
the pink granula in the cytoplasm of the cell, whereas the pink granula are being released in the
surroundings of the activated mast cell. (B) Quantification of the number of mast cells/mm2 tissue,
and the percentage of activated mast cells observed (n = 15). (C) Overview of a chloro-acetate esterase
(CAE) staining of muscle tissue showing mast cells in pink (indicate by arrows) in between muscle
fibers. (D) Representative overview images of mast cells surrounding microvessels (indicated by *) in
human calf muscle tissue.

2.6. FACS Analysis

Blood was collected at sacrifice, after which red blood cells were lysed using an erythrocyte lysis
buffer (0.1 mM EDTA, 10 mM NaHCO3, 1 mM NH4Cl, pH = 7.2). Subsequently, white blood cells were
stained with the antibodies for flow cytometric analysis. Inguinal lymph nodes were harvested from
all mice and processed through a 70 μm cell strainer to acquire single cell suspensions. Subsequently,
the cell suspensions were stained for flow cytometry. In approximation, 200,000 cells per sample
were stained with antibodies against extracellular proteins at a concentration of 0.1 μg/sample for
30 min as described previously [20,21]. All flow cytometry experiments were executed on a FACS
Canto II (BDBiosciences, San Jose, CA, USA) and data were analyzed using FlowJo software (v10,
BDBiosciences).
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2.7. Statistical Analysis

Results are presented as mean ± standard error of the mean (SEM). A 2-tailed Student’s t-test was
used to compare individual groups. Non-Gaussian distributed data were analyzed using a 2-tailed
Mann–Whitney U test. p-values < 0.05 were considered statistically significant and are indicated with
*; p-values < 0.01 and < 0.001 are indicated by ** and ***, respectively.

3. Results

3.1. Mast Cells Localization in Calf Muscles of Peripheral Artery Disease Patients

To assess mast cell presence and its activation status in calf muscles of peripheral artery disease
patients, we stained sections of ischemic muscle biopsies obtained after amputation surgery with
a CAE staining and quantified the number of mast cells. On average, we detected 7.7 ± 1.4 mast
cells/mm2 tissue, of which 26 ± 2% was activated (Figure 1B). As shown in Figure 1C, mast cells,
primarily non-activated, can be detected between the muscle fibers. Interestingly, mast cells, and in
particular activated ones, generally appeared to colocalize with blood vessels in the muscle tissue
(representative overview images in Figure 1D). The amount of mast cells in muscle tissue did not
differ between patients that suffered from type I or II diabetes vs. patients that did not (7.5 ± 2.0 mast
cells/mm2 vs. 7.4 ± 2.1 mast cells/mm2, respectively). Also, mast cell activation status in the muscle
tissue was not affected by presence of diabetes (DM: 24.1 ± 2.3% vs. non-DM: 29.9 ± 3.1%).

3.2. Activation of Mast Cells upon Ischemia in a Murine Hindlimb Ischemia Model

To study whether mast cells accumulate in the murine muscle tissue upon hind limb ischemia,
we quantified mast cell number and its activation status in adductor muscle tissue at 0, 7, 10, 21,
and 28 days after the induction of hind limb ischemia. Similar to the human tissue, in murine muscles,
mast cells were located in between muscle fibers and near blood vessels (Figure 2A). As the overall
number of mast cells in this ischemic muscle tissue was relatively low, we included overview images
of different locations in tissue to illustrate where mast cells reside (Figure 2A) Mast cell density, i.e.,
the number of mast cells per mm2 tissue, did not change during the time-course of the experiment
(Figure 2B), but mast cell activation status increased upon the induction of ischemia, in particular
during the initial phase from day 0 up to day 10 (Figure 2C).

At day 7, a 33% increase in activated mast cells was observed compared to the percentage of
activated mast cells at day 0, which further rose to a maximum of a 54% increase at 10 days after
HLI. The number of activated mast cells then declined at 21 and 28 days to the level control (day 0;
non-surgery) muscles (Figure 2B). Interestingly, most of these activated mast cells, as indicated by
granules that reside outside the cell, were found in close proximity of capillaries in the muscle tissues
(Figure 2A, lower panels) suggesting a direct relation between blood vessels and mast cells as we have
shown previously in atherosclerosis [5].

3.3. Effect of Local Mast Cell Activation on Post Ischemic Blood Flow Recovery.

To study the effects of local mast cell activation on blood flow recovery, we applied the hapten DNP
as part of our mast cell activation protocol on the gastrocnemius and adductor muscles directly after
the hind limb ischemia procedure. We studied the subsequent blood flow recovery starting with eight
mice per group, however between surgery and day 3, two mice in the DNP group and three mice in the
control group had to be sacrificed because they reached humane end points. At day 10, a significant
44% increase in paw perfusion could be observed in the DNP treated group (left/right ratio of 0.70 ±
0.07) in comparison to the vehicle treated control group (left/right ratio of 0.49 ± 0.04). The enhanced
increase in blood flow perfusion continued until the end of the experiment with significant differences
between the groups at day 21 and day 28 (Figure 3A). We repeated the experiment, focusing on the early
stage of blood flow recovery by sacrificing the mice at day 9 (short-term experiment). The experiment
was started with nine mice per group; one mouse in the control and two mice in the DNP group
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reached the humane end point and were not included in the analysis. Similar to the t28 experiment,
we observed an increase in paw perfusion in the DNP group at the day 9 time point of 46% (DNP: 0.66
± 0.02 vs. control: 0.45 ± 0.05, Figure 3B).

 

Figure 2. Mast cells in hind limb muscle tissue during ischemia in mice. (A) Representative images of
mast cells in pink (CAE staining, indicated by arrows) in mouse ischemic muscle tissue (upper panels)
and in close proximity to blood vessels (lower panels, indicated by *). (B) Mast cell density and (C) the
percentage of activated mast cells in the hind limb muscle during recovery after ischemia. p-values of
< 0.001 in comparison to t0 are indicated by *** p-value of < 0.05 in comparison to t7 is indicated by #.

 

Figure 3. Perfusion of the ischemic hind limb in mast cell (MC) activated vs. control mice. Perfusion
(ischemic/non-ischemic) as measured by Laser Doppler Perfusion Imaging (LDPI) from day 0 to day
28 in the long-term experiment (A) and in the short-term experiment from day 0 up to day 9 (B) after
ligation of the femoral artery. * p-value of < 0.05 between the groups.

3.4. Local Mast Cell Activation Induced by DNP

We studied to what extent mast cell number and activation status were still affected after the single
treatment with DNP of the ischemic hind limb. At nine days after ligation, the number of mast cell
observed in the ligated and non-ligated adductor muscles were comparable (Figure 4A). In the ligated
adductor muscles, the number of activated mast cells still tended to be increased at nine days after DNP
treatment (p = 0.11), an effect that was lost at 28 days after ligation. In the soleus muscle of the DNP
groups, both total mast cell numbers as well as the number of activated mast cells was still somewhat

24



Cells 2020, 9, 701

increased at nine days after ligation as compared to the controls (Figure 4B,C). Representative images
of soleus muscle tissue are shown in Figure 4D.

 

Figure 4. Activated mast cell numbers in muscle tissue of the ischemic hind limb. (A) The number
of activated mast cells as measured by histology in the ischemic vs. non-ischemic adductor muscles
of mice in which mast cells were activated compared to control mice at day 9 after the induction of
ischemia. (B) Total mast cell numbers per mm2 of ischemic soleus muscle tissue. (C) Number of
activated mast cells per mm2 of soleus muscle tissue at day 9 after ligation. (D) Representative overview
images of the soleus muscles with a resting (control, left) and an activated mast cell (dinitrophenyl
hapten, DNP, right) in high-magnification inserts.

Mast cell activation did not result in muscle hypertrophy, analyzed in both the ischemic and
non-ischemic adductor muscles of the control and DNP-group at day 9 and day 28 after femoral artery
ligation (data not shown).

3.5. Contribution of Arteriogenesis to the Increase in Blood Flow Recovery by Activated Mast Cells

Since restoration of blood flow recovery is a combination of shear stress induced arteriogenesis
and ischemia induced angiogenesis [22], we studied these processes in the adductor muscle upstream
of the ligation and in the soleus muscle, the ischemic region downstream of the ligation. Increased shear
stress upstream of the ligation leads to arterialization of collaterals in the adductor muscle. At day 28,
the number of collaterals did not differ between the ischemic and the non-ischemic adductor muscles
in both the control and DNP treated group, nor did the number of collaterals differ between the control
and DNP treated group (control: non-ischemic 32.7 ± 1.8, ischemic 28.7 ± 1.8, DNP: non-ischemic 34.6
± 3.4, ischemic 32.2 ± 1.5). No differences in collateral numbers after ligation is frequently observed in
hind limb ischemia studies since the pre-existing collaterals predominantly increase in size upon shear
stress. Therefore, we also analyzed the surface area of the collaterals. The area of the collaterals in the
ischemic muscles of the DNP treated mice was slightly increased compared to control mice (control:
318.4 ± 12.5 μm2 vs. DNP: 381.2 ± 42.5 μm2, p = 0.205) (Figure 5A). Also, the area of the collaterals
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in the non-ischemic vs. the ischemic hind limbs expressed as the ratio collateral area was somewhat
increased between the control and DNP treated mice, but did not reach significance (control: 1.420±0.1
vs. DNP: 1.611 ± 0.2, p = 0.509).

 

Figure 5. Arteriogenesis upon mast cell activation in the ischemic hind limb. The average collateral
surface area in ischemic as compared to non-ischemic adductor muscles of mice in which mast cells were
activated compared to controls at (A) 28 days after ligation and (B) 9 days after ligation. (C) The average
collateral surface area in the soleus muscle of mice in which mast cells were activated compared to
controls. (D) The collateral area ratio between ischemic and non-ischemic soleus muscles in mast
cell activated compared to control mice at nine days after femoral artery ligation. (E). Representative
pictures of smooth muscle cell actin positive collaterals in orange and nuclei in blue (DAPI) in both a
control muscle and a muscle in which mast cells were activated. * p < 0.05.

In the short-term experiment with sacrifice at day 9, the number of collaterals also did not
differ between the ischemic and the non-ischemic adductor muscles in both the control and DNP
treated group, nor did the number of collaterals between the control and DNP treated group (control:
Non-ischemic 27.3 ± 1.8, ischemic 30.7 ± 1.5, DNP: Non-ischemic 29.0 ± 1.8, ischemic 27.3 ± 1.8).
Furthermore, no differences could be observed in collateral area in the ligated hind limbs between the
control and DNP treated mice at day 9 (control 340.2 ± 29.2 μm2 vs. DNP 362.1 ± 45.5 μm2, p = 0.680)
(Figure 5B) nor in the collateral area ratio (control 1.557 ± 0.3 vs. DNP 1.749 ± 0.3, p = 0.633).

In the downstream area of the ligation, the distal end of the collaterals in the soleus muscle are
also exposed to increased shear stress. Comparable to the adductor muscle, the number of collaterals
in the soleus muscle did not differ between the groups with or without ischemia at day 9 (control:
Non-ischemic 23.8 ± 2.1, ischemic 26.3 ± 1.7, DNP: Non-ischemic 25.2 ± 2.0, ischemic 23.9 ± 1.9).
A non-significant increase in soleus muscle collateral area could be observed in the ligated hind limbs of
the DNP treated mice compared to the control mice (control 207.4 ± 31.7 μm2 vs. DNP 261.7 ± 14.8 μm2,
p = 0.163) (Figure 5C). Interestingly, the collateral area ratio of the ischemic vs. the non-ischemic soleus
of the individual mice was significantly increased in the DNP group vs. the control group (Control:
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1.070 ± 0.2 vs. DNP: 1.751 ± 0.2, p = 0.026) (Figure 5D), suggesting that local mast cell activation does
increase collateral diameter downstream of the ligation.

3.6. Effects of Mast Cell Activation on Angiogenesis

As a measure for the angiogenic response, CD31 positive capillaries were quantified in the right
non-ischemic and the left ischemic soleus muscles. Local mast cell activation resulted in an increased
number of angiogenic capillaries in the ischemic soleus muscles (Figure 6A). Quantification revealed a
66% significant increase in the number of capillaries (control: 211 ± 31 vs. DNP: 351 ± 55 μm2, p = 0.039,
Figure 6B), whereas in the control non-ischemic muscles, no significant difference in the number of
capillaries were observed (control 176 ± 15 vs. DNP 196 ± 40 μm2).

 

Figure 6. Activated mast cells induce angiogenesis in the ischemic hind limb. (A) CD31 staining of the
ischemic soleus muscles shows the presence of CD31+ capillaries in control mice and in mice in which
mast cells were activated. (B) Quantification of the number of CD31+ capillaries in non-ischemic and
ischemic soleus muscle with (white bars) or without local (black bars) mast cell activation, measured at
nine days after femoral artery ligation. *p < 0.05.

3.7. Local Mast Cell Activation Induces a Pro-Inflammatory Monocyte Response

To determine whether local mast cell activation induced a pro-inflammatory response in the
hind limb, we analyzed the inguinal lymph nodes draining from the hind limbs in which mast cells
were activated at day 9 after ligation. To do so, we measured the number of CD117+FcεR+ cells and
analyzed CD63 as a common mast cell activation marker. Interestingly, mast cells numbers were highly
increased in the DNP group (Figure 7A), similarly to the number of activated mast cells (Figure 7B),
which suggests that mast cells have drained from the muscle tissue to the lymph nodes. The number
of CD11b+Ly6Ghigh neutrophils in the lymph nodes did not differ between the groups (Figure 7C), nor
did the amount of T- and B-cells (data not shown). The number of CD11b+Ly6Glow monocytes in the
draining lymph nodes was significantly increased upon mast cell activation (Figure 7D), which was
due to an increase in both the Ly6Clow/mid and the Ly6Chigh monocytes (Figure 7E,F). In the circulation,
neutrophil and total monocyte numbers were not affected (Figure 7G,H), however within the monocyte
population, the relative amount of inflammatory Ly6Chigh monocytes was significantly increased
(Figure 7I). We also measured plasma IL-6 and CCL2 levels as markers of a systemic inflammatory
response at 9 days after ligation but were unable to detect any differences between the control mice
and those in which mast cells were locally activated (data not shown). To further investigate the
local effect of mast cell activation on the pro-inflammatory response in the ischemic tissue, we used
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a MAC3 staining to quantify the number of macrophages present. Here, in contrast to the number
of inflammatory monocytes in the draining lymph nodes, no effect on the macrophage numbers in
the ischemic soleus muscles was observed at day 9 (control: 14.1 ± 3.2 vs. DNP 8.1 ± 1.8, p = 0.141,
Figure 7J,K).

 

Figure 7. Inflammatory cell analysis in the ischemic hind limb at nine days after ischemia induction.
(A) Total CD117+FcεRI+ mast cell numbers and (B) the number of CD63+ activated mast cells were
measured in the inguinal lymph node (iLN) draining from the ischemic hind limb of mice in the
DNP-group and the controls using flow cytometry. (C) The number of CD11b+Ly6Chigh neutrophils in
the iLN. (D) The number of CD11b+Ly6Glow monocytes of which, (E) Ly6Clow/mid and (F) Ly6Chigh

monocytes. (G) Percentage of neutrophils, (H) percentage of total monocytes, and (I) percentage
of inflammatory monocytes within the total monocyte population were measured in the circulation
of control mice vs. mice in which mast cells were activated. (J) The number of macrophages per
microscopic field in the ischemic soleus muscles of mice in which mast cells were activated vs. controls
at nine days after ligation. (K) Representative micrographs of macrophages in red (indicated by arrows)
and aSMA+ collaterals in cyan and nuclei (DAPI) in blue. * p < 0.05.
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4. Discussion

In this study, we aimed to determine the contribution of mast cell activation to angiogenesis in
hind limb ischemia. First, we demonstrated the presence of mast cells in human ischemic limb tissue,
and both non-activated and activated mast cells were observed. Interestingly, activated mast cells were
predominantly present around the capillaries in the ischemic limb, similarly as that described previously
in the atherosclerotic plaque, where mast cells were seen to colocalize with microvessels [5]. In addition,
mast cells have previously been associated with microvessel density in the brain [23]. Although
mast cells have been associated with obesity and diabetes in experimental models of disease [24],
the presence of diabetes did not affect mast cell numbers in the human ischemic tissue, which is in
line with previous human studies in which intraplaque mast cells numbers did not differ between
cardiovascular patients with and without diabetes mellitus [5].

In ischemic mouse hind limbs, the mast cells that colocalized with capillaries were mostly activated
early in the revascularization process. Apparently, the ischemic environment in the hind limb causes
the mast cells to degranulate. However, the mechanisms via which mast cells are activated upon
ischemia remain largely unknown. In ischemia/reperfusion studies, reactive oxygen species, but also
alarmins/DAMPS, have been suggested to activate mast cells [24]. The composition of the mast cell
secretome completely depends on the specific stimuli and receptors involved, which indicates that
the ischemic microenvironment can influence how mast cells are activated and which mediators
these cells secrete. In this study, we aimed to determine whether local mast cell activation using
a sensitization and challenge protocol in the ischemic hind limb would improve limb perfusion by
inducing neovascularization. Similarly as described previously [6], we have established that mast cell
activation promotes limb perfusion as indicated by enhanced blood flow to the lower limbs. Previously,
it was suggested that neutrophils were the culprit immune effector cells during the neovascularization
process in the ischemic hind limb [6]. In our study, we actually show that mast cell activation induced
a pro-inflammatory monocyte response, while not affecting neutrophil numbers, either systemically or
locally in the draining lymph nodes. The difference in observed immune response between the studies
may be explained by the fact that we analyzed these monocyte responses at nine days after the induction
of ischemia, whereas neutrophils are usually early responders and act in the first few days after injury.
Furthermore, the difference in mast cell activation methods used may have affected the composition of
the releasate, resulting in a difference in immune responses in the two studies. The increased immune
response in the draining lymph nodes from the ischemic hind limb was not reflected by a difference in
macrophage count in the muscle tissue itself at nine days after ligation. Again, this may be due to the
timeframe of the study or to local secretion of pro-inflammatory mediators.

To further elucidate the underlying mechanisms that have caused the increased limb perfusion,
both angiogenesis and arteriogenesis processes in the ischemic hind limbs were analyzed. In the
adductor muscle, we were unable to detect any significant differences in either the number or the
surface area of the collaterals, both at 9 and 28 days after femoral artery ligation. In the soleus muscle
downstream of the ischemia, however, at day 9 we did observe an increase in the collateral surface
area ratio in the mice in which mast cells were activated, suggesting that mast cells increase limb
perfusion by expansion of pre-existing collaterals, as arteriogenesis is defined. At the same time
point, we observed that the number of CD31 positive capillaries in the soleus muscle was significantly
increased upon mast cell activation, and as this did not occur in the non-ischemic muscles, we can
conclude that this is a specific local effect of mast cell activation. Together, these effects early in the
revascularization process can explain the increase in paw perfusion induced in our model and that both
arteriogenesis and angiogenesis in the ischemic muscles are responsible for the increased perfusion.
To further elucidate the underlying mechanisms, it would be of interest to study arteriogenesis and
angiogenesis processes in mast cell deficient mouse models. However, in our hands, survival of mast
cell deficient KitW-sh/W-sh mice upon hind limb ischemia was too limited to study these processes
(unpublished data), and we therefore decided to apply a more therapeutics mast cell activation protocol,
which made use of a local delayed type hypersensitivity approach. Previously, we have established
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that this method induces a specific mast cell activation response [7], however it would also be of
interest to study other local mast cell activation approaches to determine which method induces the
best neovascularization response without side effects.

As our data imply that mast cell activation improves limb perfusion after an ischemic episode,
it is of great interest to determine how we can use these data for therapeutic application. As mentioned
earlier, excessive mast cell activation can have detrimental effects on atherosclerotic plaque stability,
the lungs, and other tissues in which mast cells reside. Also, an enhanced systemic inflammatory
response induced by activated mast cells may be beneficial upon ischemia, but may also negatively
affect other sources of inflammation, the so-called Janus phenomenon [13]. Local mast cell activation
in the ischemic area may be a more suitable option. Furthermore, the identification of ischemia-specific
mast cell activation pathways may provide novel therapeutic strategies to specifically target mast cell
activation in the ischemic area. Further research may shed more light on the therapeutic opportunities
for intervention.

In conclusion, in this study, we show that mast cells colocalize with capillaries in human ischemic
tissue and in ischemic mouse limbs, where mast cells are activated in the early phase after the induction
of ischemia. Locally induced mast cell activation in the hind limb leads to an increase in recovery of
paw perfusion, which was associated with increased arterio- and angiogenesis, and with an increased
inflammatory response, suggesting that mast cells actively contribute to tissue neovascularization.

Author Contributions: Conceptualization, I.B. and M.R.d.V.; formal analysis, I.B., D.v.d.V., M.B. and M.R.d.V.;
investigation, I.B., D.v.d.V., M.B., M.J.K. and M.R.d.V.; resources, I.B., J.K., P.H.A.Q. and M.R.d.V.; supervision,
I.B and M.R.d.V.; visualization, I.B and M.R.d.V.; writing—original draft, I.B. and M.R.d.V.; writing—review
and editing, I.B., J.K., P.H.A.Q. and M.R.d.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kaartinen, M.; Penttila, A.; Kovanen, P.T. Accumulation of activated mast cells in the shoulder region of
human coronary atheroma, the predilection site of atheromatous rupture. Circulation 1994, 90, 1669–1678.
[CrossRef] [PubMed]

2. Kovanen, P.T.; Kaartinen, M.; Paavonen, T. Infiltrates of activated mast cells at the site of coronary
atheromatous erosion or rupture in myocardial infarction. Circulation 1995, 92, 1084–1088. [CrossRef]
[PubMed]

3. Bot, I.; Shi, G.P.; Kovanen, P.T. Mast cells as effectors in atherosclerosis. Arter. Thromb. Vasc. Biol. 2015, 35,
265–271. [CrossRef] [PubMed]

4. Shi, G.P.; Bot, I.; Kovanen, P.T. Mast cells in human and experimental cardiometabolic diseases. Nat. Rev.
Cardiol. 2015, 12, 643–658. [CrossRef]

5. Willems, S.; Vink, A.; Bot, I.; Quax, P.H.; de Borst, G.J.; de Vries, J.P.; van de Weg, S.M.; Moll, F.L.; Kuiper, J.;
Kovanen, P.T.; et al. Mast cells in human carotid atherosclerotic plaques are associated with intraplaque
microvessel density and the occurrence of future cardiovascular events. Eur. Heart J. 2013, 34, 3699–3706.
[CrossRef]

6. Chillo, O.; Kleinert, E.C.; Lautz, T.; Lasch, M.; Pagel, J.I.; Heun, Y.; Troidl, K.; Fischer, S.; Caballero-Martinez, A.;
Mauer, A.; et al. Perivascular Mast Cells Govern Shear Stress-Induced Arteriogenesis by Orchestrating
Leukocyte Function. Cell Rep. 2016, 16, 2197–2207. [CrossRef]

7. Bot, I.; de Jager, S.C.; Zernecke, A.; Lindstedt, K.A.; van Berkel, T.J.; Weber, C.; Biessen, E.A. Perivascular mast
cells promote atherogenesis and induce plaque destabilization in apolipoprotein E-deficient mice. Circulation
2007, 115, 2516–2525. [CrossRef]

8. Sun, J.; Sukhova, G.K.; Wolters, P.J.; Yang, M.; Kitamoto, S.; Libby, P.; MacFarlane, L.A.; Mallen-St, C.J.;
Shi, G.P. Mast cells promote atherosclerosis by releasing proinflammatory cytokines. Nat. Med. 2007, 13,
719–724. [CrossRef]

30



Cells 2020, 9, 701

9. Indhirajanti, S.; van Daele, P.L.A.; Bos, S.; Mulder, M.T.; Bot, I.; Roeters van Lennep, J.E. Systemic mastocytosis
associates with cardiovascular events despite lower plasma lipid levels. Atherosclerosis 2018, 268, 152–156.
[CrossRef]

10. Albini, A.; Bruno, A.; Noonan, D.M.; Mortara, L. Contribution to Tumor Angiogenesis From Innate Immune
Cells Within the Tumor Microenvironment: Implications for Immunotherapy. Front. Immunol. 2018, 9, 527.
[CrossRef]

11. van Weel, V.; Seghers, L.; de Vries, M.R.; Kuiper, E.J.; Schlingemann, R.O.; Bajema, I.M.; Lindeman, J.H.;
Delis-van Diemen, P.M.; van Hinsbergh, V.W.; van Bockel, J.H.; et al. Expression of vascular endothelial
growth factor, stromal cell-derived factor-1, and CXCR4 in human limb muscle with acute and chronic
ischemia. Arter. Thromb. Vasc. Biol. 2007, 27, 1426–1432. [CrossRef] [PubMed]

12. Campia, U.; Gerhard-Herman, M.; Piazza, G.; Goldhaber, S.Z. Peripheral Artery Disease: Past, Present,
and Future. Am. J. Med. 2019, 132, 1133–1141. [CrossRef] [PubMed]

13. Epstein, S.E.; Stabile, E.; Kinnaird, T.; Lee, C.W.; Clavijo, L.; Burnett, M.S. Janus phenomenon: The interrelated
tradeoffs inherent in therapies designed to enhance collateral formation and those designed to inhibit
atherogenesis. Circulation 2004, 109, 2826–2831. [CrossRef] [PubMed]

14. de Vries, M.R.; Wezel, A.; Schepers, A.; van Santbrink, P.J.; Woodruff, T.M.; Niessen, H.W.; Hamming, J.F.;
Kuiper, J.; Bot, I.; Quax, P.H. Complement factor C5a as mast cell activator mediates vascular remodelling in
vein graft disease. Cardiovasc. Res. 2013, 97, 311–320. [CrossRef]

15. de Vries, M.R.; Seghers, L.; van, B.J.; Peters, H.A.; de Jong, R.C.; Hamming, J.F.; Toes, R.E.; van Hinsbergh, V.W.;
Quax, P.H. C57BL/6 NK cell gene complex is crucially involved in vascular remodeling. J. Mol. Cell Cardiol.
2013, 64, 51–58. [CrossRef]

16. Simons, K.H.; Aref, Z.; Peters, H.A.B.; Welten, S.P.; Nossent, A.Y.; Jukema, J.W.; Hamming, J.F.; Arens, R.;
de Vries, M.R.; Quax, P.H.A. The role of CD27-CD70-mediated T cell co-stimulation in vasculogenesis,
arteriogenesis and angiogenesis. Int. J. Cardiol. 2018, 260, 184–190. [CrossRef]

17. Kraneveld, A.D.; Buckley, T.L.; van Heuven-Nolsen, D.; van, S.Y.; Koster, A.S.; Nijkamp, F.P. Delayed-type
hypersensitivity-induced increase in vascular permeability in the mouse small intestine: Inhibition by
depletion of sensory neuropeptides and NK1 receptor blockade. Br. J. Pharm. 1995, 114, 1483–1489.
[CrossRef]

18. den Dekker, W.K.; Tempel, D.; Bot, I.; Biessen, E.A.; Joosten, L.A.; Netea, M.G.; van der Meer, J.W.; Cheng, C.;
Duckers, H.J. Mast cells induce vascular smooth muscle cell apoptosis via a toll-like receptor 4 activation
pathway. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 1960–1969. [CrossRef]

19. Aref, Z.; de Vries, M.R.; Quax, P.H.A. Variations in Surgical Procedures for Inducing Hind Limb Ischemia in
Mice and the Impact of These Variations on Neovascularization Assessment. Int J. Mol. Sci 2019, 20, 3704.
[CrossRef]

20. Kritikou, E.; van der Heijden, T.; Swart, M.; van Duijn, J.; Slutter, B.; Wezel, A.; Smeets, H.J.; Maffia, P.;
Kuiper, J.; Bot, I. Hypercholesterolemia Induces a Mast Cell-CD4(+) T Cell Interaction in Atherosclerosis.
J. Immunol. 2019, 202, 1531–1539. [CrossRef]

21. Wezel, A.; Lagraauw, H.M.; van der Velden, D.; de Jager, S.C.; Quax, P.H.; Kuiper, J.; Bot, I. Mast cells
mediate neutrophil recruitment during atherosclerotic plaque progression. Atherosclerosis 2015, 241, 289–296.
[CrossRef] [PubMed]

22. Nowak-Sliwinska, P.; Alitalo, K.; Allen, E.; Anisimov, A.; Aplin, A.C.; Auerbach, R.; Augustin, H.G.;
Bates, D.O.; van Beijnum, J.R.; Bender, R.H.F.; et al. Consensus guidelines for the use and interpretation of
angiogenesis assays. Angiogenesis 2018, 21, 425–532. [CrossRef] [PubMed]

23. Ollikainen, E.; Tulamo, R.; Frosen, J.; Lehti, S.; Honkanen, P.; Hernesniemi, J.; Niemela, M.; Kovanen, P.T.
Mast cells, neovascularization, and microhemorrhages are associated with saccular intracranial artery
aneurysm wall remodeling. J. Neuropathol Exp. Neurol. 2014, 73, 855–864. [CrossRef] [PubMed]

24. He, Z.; Ma, C.; Yu, T.; Song, J.; Leng, J.; Gu, X.; Li, J. Activation mechanisms and multifaceted effects of mast
cells in ischemia reperfusion injury. Exp. Cell Res. 2019, 376, 227–235. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

31





cells

Article

Isoform-Specific Roles of ERK1 and ERK2
in Arteriogenesis

Nicolas Ricard 1, Jiasheng Zhang 1, Zhen W. Zhuang 1 and Michael Simons 1,2,*

1 Yale Cardiovascular Research Center, Department of Internal Medicine, Yale University School of Medicine,
New Haven, CT 06511, USA; nic.ricard@gmail.com (N.R.); jiasheng.zhang@yale.edu (J.Z.);
zhen.zhuang@yale.edu (Z.W.Z.)

2 Department of Cell Biology, Yale University School of Medicine, New Haven, CT 06511, USA
* Correspondence: michael.simons@yale.edu; Tel.: +203-737-4643

Received: 5 November 2019; Accepted: 18 December 2019; Published: 21 December 2019

Abstract: Despite the clinical importance of arteriogenesis, this biological process is poorly understood.
ERK1 and ERK2 are key components of a major intracellular signaling pathway activated by vascular
endothelial growth (VEGF) and FGF2, growth factors critical to arteriogenesis. To investigate the
specific role of each ERK isoform in arteriogenesis, we used mice with a global Erk1 knockout as well
as Erk1 and Erk2 floxed mice to delete Erk1 or Erk2 in endothelial cells, macrophages, and smooth
muscle cells. We found that ERK1 controls macrophage infiltration following an ischemic event.
Loss of ERK1 in endothelial cells and macrophages induced an excessive macrophage infiltration
leading to an increased but poorly functional arteriogenesis. Loss of ERK2 in endothelial cells leads
to a decreased arteriogenesis due to decreased endothelial cell proliferation and a reduced eNOS
expression. These findings show for the first time that isoform-specific roles of ERK1 and ERK2 in the
control of arteriogenesis.

Keywords: angiogenesis; arteriogenesis; ERK; VEGF; endothelial cells; inflammation; macrophages

1. Introduction

Blood vessel development and growth encompasses three distinct biological processes—
vasculogenesis, angiogenesis, and arteriogenesis [1]. The term vasculogenesis denotes the formation of
the primitive vascular plexus from progenitor cells in embryo and this mode of blood vessel formation is
limited to embryonic development. Angiogenesis encompasses the process of new capillary formation
from pre-existing capillary beds that involves proliferation, sprouting and, migration of endothelial
cells. Finally, arteriogenesis refers to the growth of new arteries and arterioles either de novo or from
pre-existing arterial collaterals [2]. Arteriogenesis, the process of new arterial vasculature growth, is
critical to the restoration of tissue perfusion following the development of a functionally significant
decrease of arterial inflow. It is important to note that compromised arterial inflow results in two
distinct events: distal tissue ischemia that leads to local angiogenesis (e.g., angiogenesis along the
myocardial infarction border zone) and arteriogenesis that occurs in close proximity to the site of
arterial trunk occlusion, a territory that is typically not ischemic [3,4].

While molecular controls of angiogenesis are well understood, events triggering and regulating
arteriogenesis are still a matter of intense study and controversy. Vascular endothelial growth factor
(VEGF) is the main factor driving angiogenesis in response to tissue hypoxia [5], yet VEGF is equally
critical to arteriogenesis [6]. Indeed, disruption of VEGF signaling and, in particular, a reduction in
VEGF-induced endothelial ERK1/2 signaling, has been shown to result in decreased arteriogenesis [7].

While angiogenesis involves simple proliferation and sprouting of capillary endothelial cells,
arteriogenesis requires a coordinated response that involves multiple cell types that, in addition to
endothelial and vascular smooth muscle cells, include a panoply of inflammatory cells including
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lymphocytes [8,9], natural killer cells [10], macrophages [11], and mast cells [12]. The presence of
inflammatory cells (and a local inflammatory response at an arteriogenic site) is critical as these cells
serve as the major source of VEGF in the absence of tissue ischemia [13–17].

Endothelial response to VEGF stimulation encompasses a complex series of events that include
activation of various intracellular signaling cascades [18]. Of these, activation of ERK1/2 has been
directly linked to the extent of arteriogenesis [7]. Remarkably, little is known about the individual
contribution of ERK isoforms to this process. Global deletion of Erk2 is embryonic lethal [19] whereas
a global deletion of Erk1 has no apparent vascular phenotype [20]. Furthermore, endothelial-specific
deletion of Erk2 on the Erk1 global knockout background is lethal early on in embryonic development
due to impaired vascular development [21]. Another key role played by the two ERKs in the adult
endothelium is the regulation of vascular normalcy and integrity [22].

In this paper, we focused on the role of ERK1/2 isoforms in adult arteriogenesis. Induction of
acute hindlimb ischemia resulted in excessive but poorly functional arteriogenesis in mice with a
global deletion of Erk1 whereas mice with endothelial-specific deletion of Erk2 exhibited a decreased
arteriogenesis. Since arteriogenesis involves a number of cell types, we generated a floxed Erk1 mouse
line and conditionally deleted the gene in macrophages, endothelial, and smooth muscle cells. While
endothelial or macrophage deletions of Erk1 failed to recapitulate the phenotype of the Erk1−/− mice,
combined deletion of Erk1 in endothelial cells and macrophages came close to the phenotype in global
Erk1 null mice. Altogether, these results show that endothelial and macrophage Erk1 is critical to
endothelial/macrophage crosstalk and effective adult arteriogenesis.

2. Methods

2.1. Mice

Mapk3−/− mice (denominated Erk1−/−), Mapk1tm1Gela/J mice (denominated Erk2Fl/Fl), and
B6.129P2-Lyz2tm1(cre)Ifo/J mice (denominated LysMCre) were purchased from the Jackson Laboratory.
Cdh5CreERT2 mice were a generous gift from Ralf Adams. Myh11CreERT2 mice were a generous gift
from Dan Greif. All mice, including the wild type (WT) mice, are Mus musculus on a pure C57Bl6
genetic background. Erk1Fl/Fl mice were realized by inserting 2 loxP sequences in introns between exons
2 and 3 and exons 8 and 9 of the Erk1 gene. Tamoxifen injections to induce deletion by the Cdh5Cre
or Myc11Cre were done with 5 injections of 1.5 mg of tamoxifen on 5 consecutive days. Control
mice received the same quantity of tamoxifen. For retinal angiogenesis, 100 μg of tamoxifen were
administrated by IP injections starting at P1 to P4. BrdU was injected 2 h prior to euthanasia. Animals
were housed and used in accordance with protocols and policies approved by the Yale Institutional
Animal Care and Use Committee.

2.2. Endothelial Cells, Macrophages, and Aortic Smooth Muscle Cell Isolations and Quantitative PCR

Endothelial cells were isolated from mouse livers and lungs. Briefly, livers and lungs were
collected and digested in a solution of collagenase and dispase (Roche/Sigma Aldrich, St Louis, MO,
USA). The suspensions were then washed and filtered. Endothelial cells were isolated using magnetic
beads anti-Rat IgG (Invitrogen, Camarillo, CA, USA) previously coated with rat anti-mouse CD31
antibody (BD). After extensive washing, cells were lysed and RNA was isolated using PicoPure RNa
isolation kit (ThermoFisher, Waltham, MA, USA) or cultured.

Macrophages were isolated from the peritoneal cavity as previously described [23]. Macrophages
were selected using magnetic beads anti-Rat IgG (Invitrogen) previously coated with rat anti-mouse
F4/80 antibody (Invitrogen). After extensive washing, cells were lysed, and RNA was isolated using
PicoPure RNa isolation kit (ThermoFisher).

Smooth muscle cells were isolated from the aorta. Aortas were collected and digested in 175 U/mL
collagenase (Worthington), 1.25 U/mL elastase (Worthington, Lakewood, NJ, USA), and HBSS for
25 to 30 min at 37 ◦C. Adventitia layer was then pulled out. Media and endothelium were cut and
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digested in 175 U/mL collagenase and 2.5 U/mL elastase in HBSS for 1 h at 37 ◦C. Endothelial cells were
bound toon beads previously coated with rat anti-mouse CD31 antibody were used and discarded.
The remaining smooth muscle cells were lysed and RNA was isolated using PicoPure RNa isolation kit
(ThermoFisher).

cDNAs were synthetized with iScript Reverse Transcription Supermix (Bio-Rad, Hercules, CA,
USA) and qPCRs were performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad).

2.3. shRNA Infection

shRNA targeting ERK1 and ERK2 (Sigma-Aldrich, St Louis, MO, USA) were encapsulated into
lentivirus that were then. Lentivirus were produced in 293T cells using second generation lentiviral
system (Invitrogen).

2.4. Hindlimb Ischemia Model

This was done as previously described by our lab [6]. Laser Doppler flow-imaging was carried
out using a Moor Infrared Laser Doppler Imager (LDI; Moor Instruments Ltd., Wilmington, DE, USA)
under ketamine and xylazine anesthesia.

2.5. Micro-CT Imaging

Microcomputed tomography (micro-CT) of the hindlimb vasculature was done by injecting 0.7 mL
bismuth contrast solution in the descending aorta and the vasculature was imaged and quantified as
previously described [6].

2.6. Western Blot

Cells were lysed in RIPA buffer (Boston BioProducts, Ashland, MA, USA). Proteins were titrated
using Bio-Rad Protein Assay Dye Reagent (Bio-Rad). A total of 20 ng of proteins were loaded on
a 4–12% acrylamide gel (Bio-Rad) and then transferred on a PVDF membrane (Millipore). Primary
antibodies used were: F4/80 (Invitrogen), ERK (Cell Signaling, Danvers, MA, USA), and β-actin
(Sigma-Aldrich).

2.7. Immunofluorescent Staining

Frozen sections were treated with ice cold acetone. Permeabilization was done in triton 0.1%.
Primary antibodies were: F4/80 (Invitrogen) and IsolectinB4 (Invitrogen). Pictures were taken using an
SP5 confocal microscope (Leica, Allendale, NJ, USA).

2.8. xCELLigence Real-Time Cell Analysis (RTCA)

Endothelial cell proliferation was measured by using an xCELLigence RTCA instrument (Roche
Diagnostics) and E-plate 16 (a modified 16-well plate, Roche Diagnostics). The E-plate 16 was coated
with 0.1% gelatin, loaded with 100 μL cell-free medium, and left in a tissue culture hood for 30 min to
reach equilibrium. The E-plate 16 was placed into the RTCA instrument to measure the background
impedance. Thereafter, 100 μL cell suspensions with fewer than 3500 cells were added into each
well of the E-plate 16, which was then placed in a tissue culture incubator for 30 min to allow cells
to settle down before being measured by the RTCA device. The impedance value of E-plate 16 was
automatically monitored every 15 min. FGF2 was added at 100 ng/mL.

2.9. Endothelial Migration

HUVEC migration was measured in a wound-healing assay, which used ibidi Culture-Inserts
(ibidi) to generate the wound. An ibidi Culture-Insert has dimensions of 9 mm × 9 mm× 5 mm (width
× length × height) and is composed of two wells. One or two inserts were placed into one well of a
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six-well plate. After being coated with 0.1% gelatin, both wells of inserts were loaded with 100 μL cell
suspension. FGF2 and VEGF were used at 100 ng/mL.

2.10. Statistical Analyses

Statistical tests were performed using the software GraphPad Prism 8.

3. Results

3.1. Erk1 KO Mice Exhibit Excessive but Poorly Functional Arteriogenesis

To assess the role of ERK1 in arteriogenesis, we ligated the common femoral artery (CFA) of Erk1−/−
mice and assessed blood flow recovery over time using laser Doppler imaging while the anatomical
extent of arteriogenesis was studied using micro-CT. While blood flow recovery was reduced in
Erk1−/− mice compared to wild type (WT) controls (Figure 1A,B), the micro-CT-determined extent of
arteriogenesis was dramatically increased (Figure 1C,D). Since macrophages are the critical source
of VEGF in this model and since the extent of arteriogenesis generally correlates with the amount of
VEGF-A present [24], we used immunocytochemistry to assess the extent of macrophage accumulation
in the arteriogenic zone. Staining with an F4/80 antibody of the thigh muscles around the area of
CFA, ligation was carried out three and seven days following hindlimb ischemia. There was a marked
increase in macrophage tissue infiltration in Erk1−/− mice compared to WT mice (Figure 1E). To confirm
these findings, we carried out Western blotting using total thigh muscle lysates. In agreement with
immunocytochemical findings, we observed a massive increase in F4/80 signal (Figure 1F).
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Figure 1. Erk1−/− mice exhibit excessive but dysfunctional arteriogenesis. (A,B) Blood flow recovery
after ligation of the CFA in Erk1−/− mice assessed by laser-Doppler right after the surgery and 3, 7,
and 14 days thereafter. Bar graph represents mean with SEM (n = 10 mice) * p < 0.05, ** p < 0.005
using two-way ANOVA followed by Sidak’s multiple comparison test. (C,D) Quantification of the
hindlimb vasculature by micro-CT three weeks after femoral artery ligation. Bar graph represents mean
with SEM (n = 4 mice) * p < 0.05, ** p < 0.005 using two-way ANOVA followed by Sidak’s multiple
comparison test. (E,F) Macrophage infiltration in the thigh from Erk1−/− mice assessed by staining or
Western blotting. Scale bar, 50 μm. Bar graph represents mean with SEM (n = 3 mice) * p < 0.05 using
t-test.

37



Cells 2020, 9, 38

3.2. Erk1 Deletions in Endothelial Cells, Macrophages, or Smooth Muscle Cells Do Not Affect Arteriogenesis

To identify the cell type(s) involved in the defective arteriogenic phenotype seen in Erk1−/− mice,
we created mice with two intronic loxP sites in the Erk1 (Mapk3) gene (hereafter denominated as
Erk1Fl/Fl (Figure 2A)). Since endothelial cells are critical to arteriogenesis [6], these mice were crossed
with a strain carrying an inducible Cre recombinase under the control of the VE-cadherin promotor
(Cdh5CreERT2) [25] generating a Cdh5CreERT2;Erk1f/f line (Erk1iEC−/−). Administration of tamoxifen to
eight-week-old Erk1Fl/Fl mice resulted in a high efficiency deletion of endothelial ERK1 (Figure 2B). One
week after tamoxifen treatment, common femoral arteries (CFA) of Erk1iEC−/− and control mice were
ligated. Surprisingly, laser-Doppler assessment of blood flow recovery in Erk1iEC−/− mice showed that
it was similar to that of WT control mice (Figure 2C,D). We next turned our attention to macrophages.
Similarly to Cdh5 CreERT2, LysM Cre [26] was very effective in deleting Erk1 (Figure 2E). Blood flow
recovery after CFA ligation was not impaired compared to WT mice after either Erk1 gene deletion
(Figure 2F,G). We next deleted the Erk1 gene in smooth muscle cells (SMC) using the Myh11CreERT2

driver line [27]. Erk1 gene was efficiently deleted in SMC (Figure 2H) and this deletion had no effect on
the blood flow recovery after CFA (Figure 2I,J).
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Figure 2. Erk1 deletions in endothelial cells, macrophages, or smooth muscle cells do not affect
arteriogenesis. (A) Generation of Erk1 floxed mice by insertion of LoxP sites between exons 2 and
3 and exons 8 and 9. (B) Efficiency of Erk1 deletion in endothelial cells was assessed by Q-PCR of
endothelial cells isolated from mouse livers. Bar graph represents mean with SEM (n = 4 mice) ** p <
0.005 using Mann–Whitney test. (C,D) Blood flow recovery after ligation of the CFA in Erk1iEC−/− mice
assessed by laser Doppler right after the surgery and 3, 7, and 14 days after the surgery. Bar graph
represents mean with SEM (n = 8 mice). (E) Efficiency of Erk1 deletion in macrophages was assessed by
Q-PCR of peritoneal macrophages. Bar graph represents mean with SEM (n = 4 mice) ** p < 0.005 using
Mann–Whitney test. (F,G) Blood flow recovery after ligation of the CFA in Erk1Mφ−/− mice assessed by
laser-Doppler right after the surgery and 3, 7, and 14 days thereafter. Bar graph represents mean with
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SEM (n = 6 mice). (H) Efficiency of Erk1 deletion in smooth muscle cells was assessed by Q-PCR of
smooth muscle cells isolated from the mouse aortas. Bar graph represents mean with SEM (n = 4 mice)
* p < 0.05 using Mann–Whitney test. (I,J) Blood flow recovery after ligation of the CFA in Erk1SMC−/−
mice assessed by laser-Doppler right after the surgery and 3, 7, and 14 days after the surgery. Bar graph
represents mean with SEM (n = 5 mice).

3.3. Erk1 Deletions in Endothelial Cells and Macrophages Leads to an Excessive but Poorly Functional
Arteriogenesis

Finally, we bred mice with macrophage- (Erk1MφKO) and endothelial (Erk1iECKO)-specific deletions
to generate double knockout mice with ERK1 expression disrupted in both cell types (Erk1iECKO/MφKO).
Induction of hindlimb ischemia in these mice led to impaired blood flow recovery that was similar to
that observed in the Erk1 global null mice (Figure 3A,B) and the anatomical extent of arteriogenesis
was increased (Figure 3C,D). We carried out Western blotting using total thigh muscle lysates and we
observed a massive increase in F4/80 signal (Figure 3E).

Figure 3. Erk1 deletion in macrophages and endothelial cells leads to an excessive but poorly functional
arteriogenesis. (A,B) Blood flow recovery after ligation of the femoral artery in Erk1iEC−/−Mφ−/− mice
assessed by laser-Doppler right after the surgery and 3, 7, and 14 days thereafter. Bar graph represents
mean with SEM (n = 6 mice) * p < 0.05, ** p < 0.005 using two-way ANOVA followed by Sidak’s
multiple comparison test. (C,D) Quantification of the hindlimb vasculature by micro-CT three weeks
after femoral artery ligation. Bar graph represents mean with SEM (n = 6 mice) * p < 0.05 using two-way
ANOVA followed by Sidak’s multiple comparison test. (E) Macrophage infiltration in the thigh from
Erk1iEC−/−Mφ−/− KO mice assessed by Western blotting. Bar graph represents mean with SEM (n = 3
mice) * p < 0.05 using t-test.

40



Cells 2020, 9, 38

3.4. Erk2 Deletions in Endothelial, but Not Other Cell Types, Decreases Arteriogenesis

We next deleted endothelial Erk2 (Mapk1) using the same Cdh5CreERT2 line. As in the case of Erk1,
the administration of tamoxifen to eight-week-old Erk2Fl/Fl mice resulted in high efficiency deletion
of the endothelial Erk2 (Figure 4A). However, unlike the Erk1iEC−/− mice, the deletion of endothelial
Erk2 resulted in reduced flow recovery in Erk2iEC−/− compared to WT mice (Figure 4B,C). Surprisingly,
there was no difference in the anatomical extent of arteriogenesis as determined by micro-CT imaging
(Figure 4D,E). Endothelial nitric oxide synthase (eNOS) is a key enzyme producing the vasodilator
NO and its activity is critical to arteriogenesis [28]. We found a decreased eNOS expression in Erk2
KO endothelial cells compared to endothelial cells from WT mice (Figure 4F). We next focused on
macrophages. LysM Cre was very effective in deleting Erk2 in mice (Figure 4G). However, blood
flow recovery after CFA ligation was not impaired compared to WT mice after Erk2 gene deletion
(Figure 4H,I). We next deleted the Erk2 gene in smooth muscle cells using Myh11CreERT2 driver line
(Figure 4J). Erk2 deletion had no effect on the blood flow recovery (Figure 4K,L).
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Figure 4. Erk2 deletion in endothelial cells, but not in other cell types, decreases arteriogenesis.
(A) Efficiency of Erk2 deletion in endothelial cells was assessed by Q-PCR of endothelial cells isolated
from mouse livers. Bar graph represents mean with SEM (n = 4 mice) ** p < 0.005 using Mann–Whitney
test. (B,C) Blood flow recovery after ligation of the CFA in Erk2iEC−/− mice assessed by laser-Doppler
right after the surgery and 3, 7, and 14 days thereafter. Bar graph represents mean with SEM (n = 5 mice)
* p < 0.05 using two-way ANOVA followed by Sidak’s multiple comparison test. (D,E) Quantification
of the hindlimb vasculature by micro-CT three weeks after femoral artery ligation. Bar graph represents
mean with SEM (n = 3 mice). (F) eNOS expression in endothelial cells isolated from livers from
Erk2iEC−/− mice. * p < 0.05 using Mann–Whitney test. (G) Efficiency of Erk2 deletion in macrophages
was assessed by Q-PCR on macrophages from the peritoneal cavity. Bar graph represents mean with
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Erk2 deletion in endothelial cells, but not in other cell types, decreases arteriogenesis. (A) Efficiency
of Erk2 deletion in endothelial cells was assessed by Q-PCR of endothelial cells isolated from mouse
livers. Bar graph represents mean with SEM (n = 4 mice) ** p < 0.005 using Mann–Whitney test. (B,C)
Blood flow recovery after ligation of the CFA in Erk2iEC−/− mice assessed by laser-Doppler right after
the surgery and 3, 7, and 14 days thereafter. Bar graph represents mean with SEM (n = 5 mice) * p <
0.05 using two-way ANOVA followed by Sidak’s multiple comparison test. (D,E) Quantification of the
hindlimb vasculature by micro-CT three weeks after femoral artery ligation. Bar graph represents mean
with SEM (n = 3 mice). (F) eNOS expression in endothelial cells isolated from livers from Erk2iEC−/−
mice. * p < 0.05 using Mann–Whitney test. (G) Efficiency of Erk2 deletion in macrophages was assessed
by Q-PCR on macrophages from the peritoneal cavity. Bar graph represents mean with SEM (n = 4 mice)
** p < 0.005 using Mann–Whitney test. (H,I) Blood flow recovery after ligation of the femoral artery in
Erk2MΦ−/− mice assessed by laser-Doppler right after the surgery and 3, 7, and 14 days thereafter. Bar
graph represents mean with SEM (n = 4 mice). (J) Efficiency of Erk2 deletion in smooth muscle cells
was assessed by Q-PCR of smooth muscle cells isolated from mouse aortas. Bar graph represents mean
with SEM (n = 4 mice) ** p < 0.005 using Mann–Whitney test. (K,L) Blood flow recovery after ligation
of the femoral artery in Erk2SMC−/− mice assessed by laser-Doppler right after the surgery and 3, 7, and
14 days thereafter. Bar graph represents mean with SEM (n = 6 mice).

3.5. ERK Isoform Effect on Endothelial Cell Proliferation and Migration

To gain an insight into differences in ERK1- vs. ERk2-specific effects in the endothelium,
we examined the effect of either isoform deletion on endothelial cell proliferation and migration.
Administration of BrdU to P6 Erk1−/− mice showed no differences in the extent of endothelial cell
proliferation in the retinal vasculature vs. WT controls (Figure 5A,B). In contrast, BrdU labeling in
Erk2iECKO mice showed a ~50% reduction in endothelial proliferation. A combination of EC-specific Erk2
and global Erk1 knockouts (Erk2iECKO; Erk1−/− mice) did not result in a further decline in endothelial
proliferation demonstrating that Erk2 is the primary driver of this process. These findings were
confirmed in vitro: Erk2 but not Erk1 knockdown resulted in decreased EC proliferation in an FGF2
growth assay (Figure 5C). In contrast, both ERKs were involved in EC migration response to VEGF-A
or FGF2 stimulation in in vitro cell wounding assays (Figure 5D).

43



Cells 2020, 9, 38

Figure 5. ERK isoform effect on endothelial cell proliferation and migration. (A,B) Assessment of
endothelial cells proliferation in the retina of six-day-old pups by BrdU quantification. * p < 0.05
compared to WT using Kruskel–Wallis test with Dunn’s multiple comparison test. Scale bar, 50 μm.
Bar graph represents mean with SEM (n = 5 mice). (C) Assessment of proliferation of pulmonary
endothelial cells from WT mice (circle), Erk1−/− mice (square), or Erk2iECKO mice (triangle). White
symbols are cells treated with vehicle, and black symbols cells treated with FGF2. Bar graph represents
mean with SEM (n = 6 wells) * p < 0.05, ** p < 0.005 compared to WT treated with vehicle using
Kruskel–Wallis test with Dunn’s multiple comparison test. (D) Assessment of migration of HUVEC
treated with shRNA scrambled, or against ERK1, or against ERK2 and stimulated with (VEGFA165

or FGF2. Bar graph represents mean with SEM (n = 4 wells) * p < 0.05 compared to siSCR of each
condition using Kruskel–Wallis test with Dunn’s multiple comparison test.
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4. Discussion

The results of this study show that ERK isoforms have a differential effect on arteriogenesis.
While a global Erk1 knockout impaired blood flow recovery due to inefficient arteriogenesis, it
took a combination of endothelial- and macrophage-specific knockout of this isoform to match the
global deletion phenotype. The principal driver of response appeared to be a large increase in tissue
macrophage levels that likely resulted in abnormally high VEGF levels and exuberant, albeit inefficient,
arteriogenesis. In contrast, endothelial-specific deletion of the Erk2 isoform resulted in reduced blood
flow recovery even though the anatomical extent of arteriogenesis appeared normal. The culprit in this
case was a dramatic reduction in endothelial eNOS expression that led to vasoconstriction. Neither ERK
isoform deletion by itself in smooth muscle cells affected either blood flow recovery or arteriogenesis
per se, while deletion of both genes resulted in a transient decrease of blood flow recovery.

Arteriogenesis is a process leading to the formation of arteries and arterioles. It can proceed
either by remodeling of pre-existing collateral arteries or by expansion and arterialization of the
capillary bed [2,5,29]. Arteriogenesis is distinct from angiogenesis, a process defined as sprouting
and proliferation of the existing capillary bed [2]. Importantly, the two processes are regulated by
distinctly different sets of factors. While hypoxia is the primary driver of angiogenesis, arteriogenesis
is induced by a combination of shear stress and other mechanical factors [2,5,30]. At the same time,
VEGF, and its subsequent induction of endothelial ERK activation, are crucial to both angiogenesis
and arteriogenesis [31–35]. One important distinction, however, is the source of VEGF: while, in
angiogenesis, VEGF is produced locally due to tissue ischemia, in arteriogenic settings macrophages
are the key source of the growth factor [24].

While the importance of the VEGF/VEGFR2/ERK signaling cascade in both angiogenesis and
arteriogenesis has been clearly recognized, how this signaling cascade promotes the two distinct means
of vascular growth has been unclear. ERK activation is thought to be involved in the proliferation and
migration of endothelial cells. Interestingly, our data indicate that endothelial proliferation is largely
controlled by ERK2 while migration is the additive function of both isoforms. These results are in
agreement with the study of Lefloch et al. who found that ERK2 controls cell proliferation in NIH 3T3
cells [36]. Other isoforms-specific effects of ERK signaling are regulation of macrophage accumulation
by ERK1 and regulation of eNOS expression by ERK2.

Both global and a combination of macrophage- and/endothelial-specific Erk1 knockouts led to
markedly increased macrophage accumulation at the site of arteriogenesis after the common femoral
artery ligation that was coupled with exuberant but ineffective arteriogenesis. The critical role
macrophages play in arteriogenesis is well established. While the M2 subset (macrophages involved
in wounds healing and vascular growth) have been described as a principle source of VEGF [37,38],
other cell population, including blood-derived inflammatory cells, and mechanical factors can also
contribute [13,39]. The observed increase in tissue macrophage levels in these mutant strains is likely
derived from circulating monocytes [11] although a proliferation of resident M2 macrophages cannot
be ruled out [39,40]. Endothelial cells play a crucial role in monocyte recruitment by increasing
expression of the Notch ligand Dll1 [11], as has been observed in this study. Activation of Notch
signaling in recruited monocytes polarizes them to an arteriogenic M2 phenotype [11]. Similarly,
haploinsufficiency of Phd2, encoding the PHD2 oxygen sensor, leads to an expansion of tissue-resident
M2-like macrophages, an increased release in arteriogenic factors, and an improved vascular reperfusion
in the hindlimb ischemia model [37]. Here, we found that ERK1 controls endothelial-macrophage
crosstalk, and that exacerbated macrophage infiltration increases arteriogenesis extent but decreases
arteriogenesis functionality. However, a combination of the macrophage- and endothelial-specific Erk1
knockout phenotype is not as severe as in the Erk1 global knockout mice, suggesting that other cell
types are also may be involved in the phenotype found in the Erk1 global knockout mice.

In addition to the Dll1 signaling, endothelial cells also regulate macrophage infiltration via MAPK
pathways. There are four distinct MAPK pathways: ERK1/2, ERK5, p38, and JNK. While we show that
ERK1 controls macrophage recruitment, p38 MAPK pathway has also been shown to be involved in
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this process [41]. Indeed, a p38 downstream effector MAP-kinase-activated protein kinase 2 (MK2)
induces MCP-1 expression in endothelial cells, which promotes monocyte chemoattraction. Thus, at
least two different MAPK pathways are involved in the promotion of macrophage infiltration.

Effective blood flow recovery requires not only expansion of the arterial bed thereby ensuring
adequate blood supply, but also effective organization and function of this newly formed vasculature.
Interestingly, these processes appear to be differentially regulated. We and others have previously
reported a dissociation between the extent of anatomical arteriogenesis and effective blood flow.
Thus, a mouse strain with an endothelial loss of NF-kB signaling due to deletion of Rela showed
increased and disorganized arteriogenesis and decreased tissue perfusion after CFA ligation [42]. This
was driven by decreased expression of Dll4 that is NF-kB dependent. Delta-like 4 (Dll4) promotes
arterial differentiation and restricts vessel branching by direct endothelial cell–cell signaling. Indeed, a
similar phenotype was observed in adult Dll4+/− mice. These animals also show reduced blood flow
recovery after femoral artery occlusion despite exuberant arteriogenesis [43]. Finally, mice with an
endothelial-specific deletion of HIF2α also display increased arteriogenesis abut impaired blood flow
recovery in the same hindlimb model [44]. Our description of excessive arteriogenesis yet impaired
perfusion in ERK1 null mice adds to this growing body of literature.

In contrast to Erk1, Erk2 knockout in endothelial cells resulted in impaired blood flow recovery
despite the normal anatomical extent of arteriogenesis. This is likely due to a decrease in endothelial
proliferation combined with decreased expression of eNOS and a corresponding fall in NO production
that is critical to the maintenance of arterial tone. Indeed, these observations match a similar decrease
in blood flow recovery in endothelial eNOS knockout mice.

ERK1 and ERK2 isoforms share 84% of their amino-acid sequences. ERK1 is larger than ERK2 due to
an extension of 17 amino-acids at its N-terminal and two amino-acids at its C-terminal. It has been long
a matter of debate whether ERK1 and ERK2 have isoform-specific functions or are totally redundant [45].
ERK2 is expressed at higher levels than ERK1 in most mammalian tissues [46,47]. This difference in
expression level may account for the difference in phenotype of the global knockout. Indeed, Erk1−/−
mice are viable and fertile [20], whereas Erk2−/− mice die at an early stage in development [19]. Several
studies support the functional redundancy of ERK1 and ERK2. Indeed, deletion of Erk2 but not Erk1
affected NIH 3T3 cell proliferation in vitro while overexpression of Erk1 in Erk2-deficient NIH 3T3
cells rescued this proliferation defect [36]. ERK1 can also rescue the loss of ERK2 in vivo. Indeed,
overexpression of Erk1 in Erk2−/− mice, generating mice expressing only the ERK1 isoform, fully rescue
the developmental defects associated with the loss of ERK2 [47]. We recently published that loss of
endothelial Erk2 in a global Erk1−/− background in adult mice is lethal, whereas loss of one of the two
isoforms in the endothelium of adult mice has no vascular phenotype [22]. Interestingly, deletion of
Erk2 by a ubiquitously expressed Cre in adult Erk1−/− mice is lethal in less than three weeks due to
multiple organ failure [48]. However, adult mice with only one allele of ERK regardless of the isoform
survive [48]. These results suggest redundant roles between ERK1 and ERK2. On the other hand,
other studies suggest isoform-specific functions (review in [45]). Notably, in a model of myocardial
ischemia/reperfusion injury, myocardial infarction extent was found to be similar in Erk1−/− mice and
WT mice [49]. However, mice lacking one Erk2 allele (Erk2+/−), developed increased infarct areas
compared with WT mice.

In summary, our data demonstrate specific roles of ERK isoforms in endothelial cells. While ERK1
controls macrophage infiltration following an ischemic event, ERK2 primarily controls endothelial cell
proliferation and eNOS expression. Both isoforms are involved in regulation of migration.
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Abstract: Collateral artery growth (arteriogenesis) involves the proliferation of vascular endothelial
cells (ECs) and smooth muscle cells (SMCs). Whereas the proliferation of ECs is directly related to shear
stress, the driving force for arteriogenesis, little is known about the mechanisms of SMC proliferation.
Here we investigated the functional relevance of the potassium channels KV1.3 and KCa3.1 for SMC
proliferation in arteriogenesis. Employing a murine hindlimb model of arteriogenesis, we found that
blocking KV1.3 with PAP-1 or KCa3.1. with TRAM-34, both interfered with reperfusion recovery after
femoral artery ligation as shown by Laser-Doppler Imaging. However, only treatment with PAP-1
resulted in a reduced SMC proliferation. qRT-PCR results revealed an impaired downregulation of α
smooth muscle-actin (αSM-actin) and a repressed expression of fibroblast growth factor receptor 1
(Fgfr1) and platelet derived growth factor receptor b (Pdgfrb) in growing collaterals in vivo and in
primary murine arterial SMCs in vitro under KV1.3. blockade, but not when KCa3.1 was blocked.
Moreover, treatment with PAP-1 impaired the mRNA expression of the cell cycle regulator early
growth response-1 (Egr1) in vivo and in vitro. Together, these data indicate that KV1.3 but not KCa3.1
contributes to SMC proliferation in arteriogenesis.

Keywords: arteriogenesis; collateral artery growth; SMC proliferation; potassium channel; KV1.3;
KCa3.1; FGFR-1; Egr-1; PDFG-R; αSM-actin

1. Introduction

Arteriogenesis, which is defined as the growth of pre-existing arteriolar connections into functional
arteries compensating for the loss of an artery due to occlusion [1], particularly involves the proliferation
of vascular endothelial cells (ECs) and smooth muscle cells (SMCs). The driving force for arteriogenesis
is increased fluid shear stress [2,3]. This mechanical force, which can be sensed directly by ECs,
has recently been shown to be linked to local activation of collateral ECs. By mediating the release
of extracellular RNA (eRNA) from ECs, eRNA promotes the binding of vascular endothelial growth
factor A (VEGFA) to VEGF receptor 2 (VEGFR2) [4], thereby promoting local vascular EC proliferation
as well as activation of a mechanosensory complex, consisting of VEGFR2, platelet endothelial cell
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adhesion molecule 1 (PECAM-1), and vascular endothelial cell cadherin (VE-cadherin) [5], triggering
collateral artery growth.

SMCs, located at the abluminal side, are not able to sense shear stress, and relatively little is
known about the mechanisms triggering SMC proliferation in arteriogenesis. Growth factors, such
as fibroblast growth factor 2 (FGF-2) and platelet-derived growth factor BB (PDGF-BB) have been
shown to be important for SMC proliferation in arteriogenesis [6,7] (and own unpublished results
of M. Lasch). This might in particular be related to their function to induce the expression of early
growth response 1 (Egr1) [8], a transcriptional regulator, which has been shown to control cell cycle
progression in arteriogenesis [9]. Interestingly, it has been demonstrated that the receptor for FGF-2,
namely FGFR-1, which is expressed on collateral SMCs but not on ECs, is increased expressed only
during a short time frame after induction of arteriogenesis [10]. These data indicate that the point in
time of FGF-2 application is critical and might explain the outcome of clinical studies in which FGF-2
treatment showed limited effects in patients with vascular occlusive diseases [11,12].

The proliferation of vascular SMCs in arteriogenesis is characterized by the transition from the
contractile to the synthetic (proliferating) SMC type. This process is associated with reduced mRNA
and protein levels of contractile genes such as α-smooth muscle actin (αSM-actin) and paralleled
by an increased expression of Egr1. [9,13,14]. The opposed gene expression of contractile genes and
Egr1, which is tightly regulated by the transcriptional co-activators myocardin and myocardin-related
transcription factors (MRTFs) and the ternary complex factor ETS like protein Elk-1, which compete
for the binding to the transcription factor serum response factor (SRF) [15–17], has been demonstrated
for the process of arteriogenesis by our group [9].

The potassium channels KV1.3 and KCa3.1 have been shown to be involved in cell cycle regulation
by activating intracellular signaling pathways [18,19], and to play a role in modulating vascular SMC
proliferation [20,21]. Since the mechanisms triggering vascular SMC proliferation in arteriogenesis
are still not very well described, we decided to investigate the functional contribution of KV1.3 and
KCa3.1 to the proliferation of vascular SMCs in collateral artery growth. The mode of action of these
potassium channels in terms of proliferation is still under debate and several mechanisms, either
ion flux dependent or independent, have been proposed [18,19]. Both potassium channels, KV1.3
and KCa3.1, have been demonstrated to be upregulated in proliferating SMCs, whereby their specific
blockade interfered with cell cycle progression. Increased expression levels of KV1.3 have been detected
in vitro in proliferating SMCs isolated from murine femoral arteries or from human donors [21,22]
as well as under pathological situations such as neointima hyperplasia in vivo [22,23]. Moreover, it
has been shown that blockade of KV1.3 with selective blockers such as 5-(4-phenoxybutoxy)psoralen
(PAP-1) inhibited migration and proliferation of SMCs in vitro [22,23] and in vivo [23,24]. Similar to
KV1.3, KCa3.1 has been found to be upregulated upon stimulation with PDGF-BB in proliferating SMCs
in vitro [20] and in models of hyperplasia in vivo [25,26]. Blocking KCa3.1 with the selective blocker
TRAM-34 in contrast interfered with SMC proliferation both, in vitro and in vivo [20,25,27,28]. Besides
its effect on SMC proliferation, KCa3.1 plays a major role in endothelium-derived hyperpolarizing
factor (EDHF)-mediated vasodilation as shown in KCa3.1 deficient mice [29].

In the present study we investigated the relevance of the potassium channels KV1.3 and KCa3.1
for SMC proliferation in growing collateral arteries by performing blocking studies employing the
selective channel blockers PAP-1 and TRAM-34, respectively. From our results we conclude that
KV1.3 contributes to SMC proliferation in arteriogenesis, whereas KCa3.1 is more likely to be involved
in vasodilation.

2. Materials and Methods

2.1. Animal Protocol and Treatments
Male C57BL6/J mice, purchased from Charles River, were housed in cages and kept under

12 h day/night cycle with food and water ad libitum. All experiments were approved by the
Bavarian Animal Care and Use Committee (ethical approval code ROB-55.2-1-54-2532-73-12 and
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ROB-55.2Vet-2532.Vet_02-17-99) and carried out according to the guidelines of the German law for
protection of animal life. Mice at the age of 6 to 10 weeks were anesthetized with a combination of
0.5 mg/kg medetomidine (Pfister Pharma), 5 mg/kg midazolam (Ratiopharm GmbH), and 0.05 mg/kg
fentanyl (CuraMED Pharma). Arteriogenesis was induced by right femoral artery ligation (FAL, occlusion
(occ)), whereas the left femoral artery was sham operated (Figure 1) as previously described in [30].

Figure 1. Photographs of superficial collateral arteries in mouse adductor muscles. Photographs were
taken 7 days after induction of arteriogenesis by femoral artery ligation (left picture) or sham operation
(right picture). Mice were perfused with latex to better visualize collateral arteries. Pre-existing collaterals
appear very fine and straight (arrows, right picture). Seven days after induction of arteriogenesis, grown
collateral arteries show a typical corkscrew formation with increased vascular caliber size (arrows,
left picture). Scale bar 5 mm

To block potassium channels, mice were treated either with the selective KV1.3 channel blocker
(5-(4-phenoxybutoxy)psoralen (PAP-1, 40 mg/kg/d, intraperitoneally (i.p), Sigma-Aldrich) [31], or the
selective KCa3.1 channel blocker TRAM-34 (120 mg/kg/d, i.p., Alomone Labs) [27], dissolved in peanut
oil, at doses previously described [27,31]. The treatments started 4 h before the surgical procedure.
Moreover, to uphold constant blood levels of the blockers, mice received two doses per day, one in the
morning and one in the afternoon. When mice were treated with BrdU (Sigma-Aldrich), they received
a single dose (1.25 mg/d dissolved in phosphate buffered saline (PBS), i.p.) starting directly after the
surgical procedure.

2.2. Laser Doppler Perfusion Measurements and Tissue Sampling
The laser Doppler perfusion measurements were performed as described in [4]. In brief, hindlimb

perfusion was measured using the laser Doppler imaging technique (Moor LDI2-IR, LDI 5061 and Moor
Software 3.01, Moor Instruments) under temperature-controlled conditions (37 ◦C), and perfusion was
calculated by right to left (occlusion (occ) to sham) flux ratios.

Prior to tissue sampling for (immuno-) histology, mice were perfused with an adenosine buffer (1%
adenosine, 5% bovine serum albumin (BSA), both from Sigma-Aldrich dissolved in PBS, PAN Biotech,
pH 7.4) for maximal vasodilation followed by perfusion with 3% paraformaldehyde (PFA, Merck)
dissolved in PBS, pH 7.4, for cryoconservation, or 4% PFA for paraffin embedding [2]. For qRT-PCR
analyses, mice were perfused with latex flexible compound (Chicago Latex) to visualize superficial
collateral arteries (see also Figure 1) for dissection. After isolation, superficial collateral arteries were
snap frozen on dry ice and stored at −80 ◦C until further investigations [9].

2.3. Cell Culture
Mouse primary artery smooth muscle cells (catalog number C57-6081, CellBiologics) were cultured

in a SMC growth medium (SMCGM, CellBiologics) containing insulin and the growth factors fibroblast
growth factor 2 (FGF-2) and epidermal growth factor (EGF) together with 20% fetal calf serum (FCS,
PAN). For serum starvation, cells were cultured in Dulbecco’s modified Eagle´s medium (DMEM,
Thermo Fisher Scientific) with 1% FCS for 24 h. Thereafter, negative controls were stimulated with
medium containing 2% FCS, positive controls with 10% FCS.
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2.4. Histology, Immunohistology, Proliferation Assay, and Immunocytochemistry
Giemsa staining on paraffin fixed tissue samples was performed according to standard procedures,

and slices were analyzed using an Axioskop 40 microscope (Carl Zeiss AG). BrdU staining of paraffin
fixed tissue sections was performed with a BrdU detection kit (BD Pharmingen) according to the
manufacturer´s procedure using the same microscope for evaluating the tissue sections.

To investigate the proliferation of mouse primary artery SMCs, a BrdU proliferation assay kit
(Roche) was used according to the manufacturer´s instructions. In brief, mouse primary artery SMCs
were seeded in a 96-well plate overnight, and after serum starvation in DMEM containing 1% FCS
for 24 h, the mouse primary artery SMCs were cultured in DMEM with 10% FCS and treated with or
without PAP-1 or TRAM-34, respectively, together with 10 mM BrdU. Cell proliferation was assessed
by colorimetry with an Infinite F200 ELISA reader (TECAN).

For immunofluorescence staining, cryofixed tissue sections (10 μm) were stained with a rabbit
anti-KV1.3 (catalog number APC-101) or a rabbit anti-KCa3.1 (catalog number APC-064) antibody (both
from Alomone Labs) followed by a goat anti-rabbit IgG Alexa fluor 488-conjugated antibody (catalog
number 711-545-153, Jackson ImmunoResearch) together with a Cy3-conjugated mouse anti-αSM-actin
antibody (catalog number C6198, Sigma-Aldrich) and an Alexa fluor 647-conjugated rat anti-CD31
antibody (catalog number 102515, BioLegend), followed by DAPI counter staining (catalog number
62248, Thermo Fisher Scientific). Images were taken with an Axio Imager 2 fluorescence microscope
equipped with and an Axion ICc 5 camera and Axiovert software (Carl Zeiss) or using a LSM 880
confocal laser scanning microscope equipped with an Airycan module (Carl Zeiss) with ZEN black
software for imaging acquisition. Imaging analysis of KV1.3 or KCa3.1 expression in αSM-actin positive
SMCs or CD31 positive ECs was performed using the ZEN blue software. For the colocalization
anaylsis, the ZEN colocalization tool was used (Carl Zeiss AG). The three-dimensional (3D) projection
surface reconstruction of the images where done by using the Imaris software (Bitplane).

2.5. RNA Isolation, cDNA Synthesis, and qRT-PCR
The total RNA was isolated from the mouse primary artery SMCs or collateral arteries with Trizol (Life

Technologies) and the residual DNA was removed by digestion with RQ1 RNase-Free DNase (Promega).
Thereafter, RNA was purified with RNeasy MinElute columns (Qiagen) and reverse transcribed to cDNA
using the QuantiTect® Reverse Transcription Kit (Qiagen) according to the manufacturer´s procedure.
The qRT-PCR was performed as previously described [32] using the Power SYBR Green Kit (Life
Technologies) and a StepOnePlus cycler (Life Technologies) and the following primers: 18S rRNA
forward 5′-GGACAGGATTGACAGATTGATAG-3′, reverse 5′-CTCGTTCGTTATCGGAATTAAC-3′,
αSM-actin forward 5′-GAGCATCCGACACTGCTG-3′, reverse 5′-GTACGTCCAGAGGCATAG-3′,
fibroblast growth factor receptor-1 (Fgfr1) forward 5′-CTTGCCGTATGTCCAGATCC-3′, reverse
5′-TCCGTAGATGAAGCACCTCC-3′, platelet derived growth factor b (Pdgfrb) forward
5′-AGGACAACCGTACCTTGGGTGACT-3′, reverse 5′-CAGTTCTGACACGTACCGGGTCTC-3′,
early growth response 1 (Egr1) forward 5′-CGAACAACCCTATGAGCACCTG-3′, and reverse
5′-CAGAGGAAGACGATGAAGCAGC-3′. To control specific amplification, melt curve analyses and
agarose gels were performed. Data were analyzed using the ΔΔCt method [33] and results were
normalized to the expression level of the 18S rRNA.

2.6. Statistical Analyses
Statistical analyses were performed using the GraphPad software PRISM6. All data are stated as

means ± SEM. Results were tested for normality and statistical analyses were performed as specified
in the figure legends. Results were considered to be statistically significant at p ≤ 0.05.

3. Results

3.1. KV1.3 and KCa3.1 are Localized in Collateral Arteries
Employing a murine hindlimb model of arteriogenesis, we investigated whether the

potassium channel KV1.3 or KCa3.1, respectively, were expressed in adductor collateral arteries.
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Immunofluorescence imaging revealed that KV1.3 and KCa3.1 labelling strongly colocalized with
αSM-actin, a marker for SMCs, but weakly with CD 31, which is a marker for ECs (Figures 2 and 3).

Figure 2. Localization of KCa3.1 in ECs and SMCs of murine collateral arteries. (a) Representative
confocal immunofluorescence images of transversal sections of collateral arteries isolated 3 h after
induction of arteriogenesis. Tissue sections were stained with an antibody against KCa3.1 (green),
together with the SMC marker αSM-actin (red), the EC marker CD31 (grey), and DAPI (blue);
(b,c) Scatterplots showing the colocalization analysis, (left lower panel) represents pixels that have
low intensity levels in both channels, green and red (b), or green and gray (c). Quadrant 4 (lower
left bottom) represents pixels that are referred to as background and are not taken into consideration
for colocalization analysis. Quadrant 1 represents pixels that have high green intensities and low red
intensities and Quadrant 2 represents pixels that have high red intensities and low green intensities.
Quadrant 3 represents pixels with high intensity levels in both green and red (b) or green and gray (c).
These pixels are considered to be colocalized. Bright field image is also displayed. (c) 3D projection
surface rendering is showing the localization of the KCa3.1 with the labelling CD 31 and αSM-actin
display on the panel (c) right lower position. Scale bar 20 μm.
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Figure 3. Localization of KV1.3 in ECs and SMCs of murine collateral arteries. (a) Representative
confocal immunofluorescence images of transversal sections of collateral arteries isolated 3 h after
induction of arteriogenesis. Tissue sections were stained with an antibody against KV1.3 (green),
together with the SMC marker αSM-actin (red), the EC marker CD31 (grey), and DAPI (blue); (b,c)
Scatterplots showing the colocalization analysis. Quadrant 4 (left lower left panel) represents pixels
that have low intensity levels in both channels, green and red (b) or green and grey (c), and these pixels
are referred to as background and are not taken into consideration for colocalization analysis. Quadrant
1 represent pixels that have high green intensities and low red intensities and Quadrant 2 represents
pixels that have high red intensities and low green intensities. Quadrant 3 represents pixels with high
intensity levels in both green and red in (b) and green and grey in (c). These pixels are considered to be
colocalized. Scale bar 20 μm. Bright field image is also displayed. (c) 3D projection surface rendering is
showing the localization of the KV1.3 with the labelling CD 31 and αSM-actin on the panel (c) right
lower position.
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3.2. Blockade of KV1.3 But Not of KCa3.1 Impaired Arteriogenesis by Inhibiting Collateral SMC Proliferation

To investigate the functional relevance of the potassium channels for arteriogenesis, the KV1.3
channel was blocked with PAP-1, and the KCa3.1 channel with TRAM-34. The laser Doppler perfusion
measurements revealed that both treatments significantly interfered with reperfusion recovery after
femoral artery ligation (Figure 4).

Figure 4. Laser Doppler perfusion measurements. Line plot (left panel) along with corresponding
flux images (right panel) of laser Doppler perfusion measurements. Mice were treated with solvent
(control), PAP-1, or TRAM-34, respectively, and the perfusion was calculated by right to left (occlusion
(occ) to sham) ratio before, immediately after, and at day 3 and 7 after the surgical procedure (left
panel). Data are means ± SEM, n = 6 per group. * p < 0.05 (PAP-1 vs. control) and # p < 0.05 (TRAM-34
vs. control) from two-way ANOVA with Bonferroni’s multiple comparison test. The right panel shows
representative flux images of murine paws with the tail in the center. Cold colors (blue, green) indicate
low perfusion, whereas warm colors (yellow, red) indicate high perfusion (see scale).

To quantify the effects of channel blockade on vascular cell proliferation, we performed
immunohistochemical analyses of the proliferation marker BrdU in transversal sections of collateral
arteries at day 7 after induction of arteriogenesis. The results showed that both treatment with the
KV1.3 blocker PAP-1 and with KCa3.1 blocker TRAM-34 did not interfered with EC proliferation in
growing collaterals. However, the PAP-1 treatment significantly reduced SMC proliferation, an effect
that was not observed when mice were treated with TRAM-34 (Figure 5a–c).

During the transition from the synthetic to the proliferative phase, the mRNA expression level
of αSM-actin has been shown to be downregulated 12h after induction of arteriogenesis [9], and
confirmed in the present study by qRT-PCR analyses (Figure 5d). Interestingly, in TRAM-34 treated
mice, the expression level of αSM-actin was comparable to that of the control mice at 12 h after
induction of arteriogenesis, however, it was significantly increased in PAP-1 treated mice at the same
point in time (Figure 5e).
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Figure 5. BrdU incorporation and αSM-actin expression in collaterals. (a,b) Bar graphs represent the
results of quantitative analyses of BrdU+ ECs (left panels) and SMCs (right panels) in solvent (control),
(a) PAP-1 or (b) TRAM-34-treated mice at day 7 after induction of arteriogenesis. Data are means ±
SEM, n = 3 mice per group. * p < 0.05 from unpaired student´s t-test. The numbers of BrdU+ cells
in control collaterals were defined as 100%; (c) Representative picture of a BrdU stained collateral at
day 7 after induction of arteriogenesis. Scale bar 20 μm; (d,e) The bar graphs represent the expression
levels of αSM-actin (occlusion/sham (occ/sham)) in collateral arteries (d) at different time points after
induction of arteriogenesis or (e) at 12 h after induction of arteriogenesis in control, PAP-1, or TRAM-34
treated mice. The qRT-PCR results were normalized to the expression level of the 18SrRNA. Data are
means ± SEM, n > 3 per group. * p < 0.05 from unpaired student’s t-test and refers in (d) to occ vs. sham.

3.3. KV1.3 and KCa3.1 Blockade Inhibits Mouse Primary Artery SMCs Proliferation In Vitro

To gain further insights into the role of the potassium channels on SMC proliferation, we performed
in vitro investigations on mouse primary artery SMCs. Immunocytological analyses showed that
KV1.3, as well as KCa3.1, are localized perinuclear in mouse primary artery SMCs. Somehow, weaker
signals were seen in the cytoplasm and at the cytoplasmic membrane (Figure 6).
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Figure 6. Immunocytological analyses on KV1.3 and KCa3.1 localization in mouse primary artery
SMCs. Cells were stained with antibodies against the KV1.3 (upper panels, green) or the KCa3.1
channel (middle panels, green) together with an antibody against the SMC marker αSM-actin (red) and
counterstained with DAPI (blue) to show the nuclei. For negative control (lower panels) the primary
antibody was omitted. Scale bar 40 μm.

To analyze the effects of KV1.3 and KCa3.1 blockade on SMC proliferation in in vitro mouse,
primary artery SMCs were treated with different concentrations of PAP-1 (0.1, 1, and 5 μM) or TRAM-34
(10, 100, and 500 μM), respectively. Interestingly, in in vitro, both PAP-1 and TRAM-34 treatments
interfered with SMC proliferation, as shown by the BrdU incorporation assay (Figure 7).

Figure 7. Proliferation assay of mouse primary artery SMCs. Mouse primary artery SMCs were cultured
with 10% FCS with or without treatment of different concentrations of the KV1.3 blocker PAP-1 or the
KCa3.1 blocker TRAM-34. Cell proliferation was investigated by means of BrdU incorporation. Values
are expressed as percentages of the positive control (+), i.e., mouse primary artery SMCs stimulated
with 10% FCS. For the negative control (–), mouse primary artery SMCs cultured with 2% FCS. Data
are means ± SEM, n > 6 per group. * p < 0.05 from one-way ANOVA with Bonferroni’s multiple
comparison test.

3.4. KV1.3 Blockade Repressed the Expression of FGFR-1, PDGFR-ß, and Egr1 in Mouse Primary Artery
SMCs In Vitro and During Arteriogenesis In Vivo

Receptor tyrosine kinases such as FGFR-1 and PDGFR-ß are well described for their relevance in
SMC proliferation. Our qRT-PCR results on the expression level of Fgfr1 and Pdgfrb provided evidence
that treatment of mouse primary artery SMCs with the KV1.3 channel blocker PAP-1 significantly
interfered with the expression of both growth factor receptors, whereas the treatment with the KCa3.1
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channel blocker TRAM-34 showed no significant influence (Figure 8a). Moreover, in collateral arteries
12 h after induction of arteriogenesis, a significant downregulation was evident for both Fgfr1 and
Pdgfrb when KV1.3 was blocked with PAP-1, while treatment with the KCa3.1 blocker TRAM-34 showed
no significant effect (Figure 8b). To further investigate the relevance of the KV1.3 potassium channel
for SMC proliferation in vitro and during arteriogenesis in vivo, qRT-PCR analyses were performed
on the cell cycle regulator Egr1. Our results evidenced that blocking KV1.3 with PAP-1 in vitro, as well
during arteriogenesis in vivo, significantly interfered with the mRNA expression of Egr1 (Figure 8c,d).

Figure 8. The qRT-PCR results of the expression levels of Fgfr1, Pdgfrb, and Egr1 in vitro and during
arteriogenesis in vivo. (a,c) Bar graphs represent the mRNA expression levels of Fgfr1, Pdgfrb, or
Egr1 in vitro and (b,d) in vivo. In vitro mouse primary artery SMCs were cultured without (control) or
with 1 μM PAP-1 or 100 nM TRAM-34, respectively. In vivo the expression level of Fgfr1, Pdgfrb, and
Egr1 were investigated 12 h after induction of arteriogenesis in collateral arteries and are expressed
as occlusion (occ) to sham ratio. All qRT-PCR results were normalized to the expression level of the
corresponding 18S rRNA. Data are means ± SEM, n = 3 per group. * p < 0.05 from one-way ANOVA
with Bonferroni’s multiple comparison test.
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4. Discussion

The process of arteriogenesis mainly involves the proliferation of ECs and SMCs. Whereas
the mechanisms relevant for EC proliferation are relatively well defined, little is known about the
mechanism involved in SMC proliferation. Using a murine hindlimb model of arteriogenesis, here,
we report that the voltage-gated potassium channel KV1.3, but not the Ca2+-gated potassium channel
KCa3.1, is of importance for SMC proliferation in collateral arteries. Selectively blocking KV1.3 with
PAP-1 resulted in a reduced perfusion recovery (Figure 4), which was associated with reduced numbers
of proliferating SMCs (Figure 5). More in-depth in vivo and in vitro studies demonstrated a role for
KV1.3 in the expression of the tyrosine kinase receptors Fgfr1 and Pdgfrb, as well as of the transcriptional
regulator Egr1 (Figure 8), all relevant for proper SMC proliferation in arteriogenesis.

Elevated shear stress is the driving force for arteriogenesis [2,3]. This mechanical stress can
be sensed by ECs but not by SMCs. The mechanisms how this mechanical force is translated into
biochemical signals resulting in endothelial proliferation have been described in [4]. However, little is
known about the mechanisms triggering SMC proliferation in arteriogenesis. To address this point, we
decided to study the relevance of the potassium channels Kv1.3 and KCa3.1, which have been shown
to play a role in smooth muscle proliferation in other experimental settings and processes [20,21].
Our immunohistological investigations demonstrated that both Kv1.3 and KCa3.1 are mainly localized
in SMCs of collateral arteries of murine hindlimbs (Figures 2 and 3).

To investigate the relevance of KV1.3 for arteriogenesis, we performed blocking studies employing
PAP-1, described as a selective KV1.3 blocker [31]. The laser Doppler perfusion measurements evidenced
a significant reduction in perfusion recovery when mice were treated with PAP-1 (Figure 4). Moreover,
our histological results showed a significant reduction of proliferating SMCs but not ECs in growing
collateral arteries (Figure 5).

Proliferating SMCs are characterized by a reduced expression of the contractile marker αSM-actin
a [34], which has been demonstrated by our group for the process of arteriogenesis [9] and confirmed
in the present study (Figure 5). Blocking KV1.3 during collateral artery growth, however, interfered
with the downregulation of αSM-actin (Figure 5). To investigate whether the reduced proliferation
rate of SMCs in arteriogenesis was directly related to KV1.3 blockade in SMCs, but not in other cells
such as leukocytes, which also play an important role in arteriogenesis [18,35,36], we analyzed the
proliferative behavior of primary murine SMCs under KV1.3 blockade in vitro. Our results revealed a
correlation between the concentration of PAP-1 in culture medium and the inhibition of mouse primary
artery SMC proliferation (Figure 7), attributing KV1.3 with a role in SMC proliferation. Together,
our data suggest a direct correlation between the blockade of the potassium channel KV1.3 and the
inhibition of SMC proliferation during the process of arteriogenesis. Our data are in line with results
from Cidad et al., who demonstrated an inhibition of femoral artery SMC proliferation when Kv1.3
was blocked pharmacologically with PAP-1 or with Margatoxin or when Kv1.3 was knocked down by
siRNA treatment [22].

Previous results have shown that SMC proliferation in arteriogenesis is dependent on the activation
of FGFR-1. Already in 2003, we had demonstrated that FGFR-1, which was expressed in SMCs but not
in ECs, was upregulated in the early phase of arteriogenesis, i.e., within the first 24 h after induction
of collateral artery growth by femoral artery ligation, and that blocking this tyrosine kinase receptor
with polyanetholsulfonic acid (PAS) interfered with the process of arteriogenesis [10]. A parallel
study showed that a combined treatment of rodents with the cognate ligand of FGFR-1, namely
FGF-2, and the cognate ligand of PDGFR-β, namely PDGF-BB, significantly promoted the process of
arteriogenesis [6]. In that study, an upregulation of PDGF receptors by FGF-2 was suggested and was
later confirmed by Zhang et al. [37]. PDGF-BB has been described as a potent inducer of the synthetic
phenotype of a SMC and has been shown to act synergistically with FGF-2 to induce the downregulation
of contractile genes such as αSM-actin during vascular SMC proliferation [38]. In particular, it has
been demonstrated that PDGF-BB activates FGFR-1 via engaging PDGFR-β, thereby mediating the
downregulation of αSM-actin and smooth muscle 22α (SM22-α) expression. The PDGFR-β/PDGF-BB
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and FGFR-1/FGF-2 signaling pathways have also been effectively described to promote the upregulation
of the transcription factor Egr1 [8], the expression of which was regulated in opposition to that of
contractile genes, and which we have found to mediate cell cycle progression in arteriogenesis [9]. In
the present study, we found that treatment of mice with the Kv1.3 blocker PAP-1 during the process of
arteriogenesis resulted in a downregulation of Fgfr1, Pdgfrb, and Egr1 (Figure 8), whereas αSM-actin
was upregulated (Figure 5). Accordingly, all genes are regulated in the opposite way as described
for proper arteriogenesis [9,10]. Although one could speculate that the impaired expression of Fgfr1
and/or Pdgfrb could be responsible for the impaired expression of their downstream genes, i.e., Egr1
and αSM-actin, this is somehow unlikely as all genes show a hampered expression at the same point of
time. Therefore, we wondered if another factor could be involved in Kv1.3 mediated gene expression.
Interestingly, in silico analyses (data not shown) revealed several binding sites for the transcription
factor specificity protein 1 (Sp1) in the promoter regions of Fgfr1, Pdgfrb, and Egr1. However, whether
Sp1 is indeed involved in potassium channel Kv1.3 mediated gene expression remains to be determined
by further studies. Our data indicate that Kv1.3 plays a major role in SMC proliferation, especially in the
process of arteriogenesis, by influencing signal transduction cascades associated with the expression of
the growth factor receptors Fgfr1 and Pdgfrb and their downstream genes being involved in phenotype
switch and cell cycle regulation.

In contrast to our findings regarding PAP-1 administration, treatment of mice with the KCa3.1
selective blocker TRAM-34 did not influence vascular SMC proliferation or differential gene expression
in growing collaterals in vivo (Figures 5 and 8). The laser Doppler perfusion measurements, however,
evidenced a reduced perfusion recovery after femoral artery ligation (Figure 4). Interestingly, KCa3.1
has been shown to be upregulated by fluid shear stress [39], the driving force for arteriogenesis [2,3].
Moreover, it has been demonstrated by blocking studies employing TRAM-34 in vivo, that KCa3.1
plays a role in EC proliferation during angiogenesis (Grigic, Eichler 2005) and in SMC proliferation,
e.g., during atherogenesis [27]. Our study, however, revealed that KCa3.1 is not involved in EC or in
SMC proliferation in collateral artery growth (Figure 5). Of course, one could argue that the dose of
TRAM-34 used in the present study was not high enough to block KCa3.1 in vivo, but identical dosages
were shown to be effective in hampering vascular cell proliferation in a model of intima hyperplasia [25]
and atherosclerotic lesions in mice [27]. Together, these data indicate that the mechanisms of SMC
proliferation in the different pathophysiological situations are diverging. Indeed, it has been shown
by Bi et al. in vitro [20] that KCa3.1 mediated SMC proliferation blocked by TRAM-34 was not
associated with any change in expression of Pdgfrb, supporting the data of the present investigations
(Figure 8). As our laser Doppler perfusion measurements revealed a reduced perfusion recovery
upon femoral artery ligation (Figure 4), which was not associated with a reduced collateral artery
cell proliferation (Figure 5), we hypothesize that KCa3.1 could overtake a function in EDHF-mediated
collateral vasodilation, a well described function of this potassium channel [29,40]. However, further
studies are necessary to prove this hypothesis. A similar effect on reduced perfusion recovery upon
femoral artery ligation has been described for nitric oxide synthase 3 (NOS3)-deficient mice, also
attributing nitric oxide a role in vasodilation during arteriogenesis [41]. In terms of KCa3.1, it could be
interesting to know that the Ca2+-channel transient receptor potential cation channel, subfamily V,
member 4 (TRPV4) has previously been shown to play a role in arteriogenesis by promoting vascular
cell proliferation [42]. TRPV4 is described as shear stress sensitive channel which plays an important
role in the regulation of vascular tone by modulating intracellular Ca2+ levels [43]. However, TRPV4
has also been shown to promote collateral artery growth in several animal models [42,44,45]. It has
been suggested that upon activation of this receptor, a first increase in intracellular Ca2+ levels could
result in EDHF-mediated vasodilation, whilst a prolonged raise could activate transcription factors
causing vascular cell proliferation [42,45]. It is tempting to speculate that KCa3.1 is involved in this
EDHF mediated vasodilation, but further studies are necessary to investigate this assumption.
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5. Conclusions

From our investigations, we conclude that the potassium channel Kv1.3, but not KCa3.1, contributes
to SMC proliferation in arteriogenesis by controlling the expression of growth factor receptors, as well
as their downstream genes relevant for phenotype switch and cell cycle progression.
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Abstract: Alternative splicing leads to the secretion of multiple forms of vascular endothelial growth
factor-A (VEGF-A) that differ in their activity profiles with respect to neovascularization. FSAP (factor
VII activating protease) is the zymogen form of a plasma protease that is activated (FSAPa) upon
tissue injury via the release of histones. The purpose of the study was to determine if FSAPa regulates
VEGF-A activity in vitro and in vivo. FSAP bound to VEGF165, but not VEGF121, and VEGF165

was cleaved in its neuropilin/proteoglycan binding domain. VEGF165 cleavage did not alter its
binding to VEGF receptors but diminished its binding to neuropilin. The stimulatory effects of
VEGF165 on endothelial cell proliferation, migration, and signal transduction were not altered by FSAP.
Similarly, proliferation of VEGF receptor-expressing BAF3 cells, in response to VEGF165, was not
modulated by FSAP. In the mouse matrigel model of angiogenesis, FSAP decreased the ability of
VEGF165, basic fibroblast growth factor (bFGF), and their combination, to induce neovascularization.
Lack of endogenous FSAP in mice did not influence neovascularization. Thus, FSAP inhibited
VEGF165-mediated angiogenesis in the matrigel model in vivo, where VEGF’s interaction with the
matrix and its diffusion are important.

Keywords: factor VII activating protease; HABP2; VEGF; matrigel; neo-vascularization;
hind limb ischemia

1. Introduction

FSAP (factor VII activating protease) is a serine protease that circulates in plasma as an inactive
zymogen. It belongs to the family of proteases that also includes the urokinase-plasminogen activator
(uPA), tissue-PA (tPA), as well as hepatocyte growth factor activator (HGFA). Although a number of
charged molecules can activate FSAP into the active protease (FSAPa), histones are the only endogenous
molecules identified so far that can activate the zymogen form into FSAPa in plasma and in vivo [1].
In situations such as tissue injury [2], apoptosis, or necrosis [3], as well as when neutrophils undergo
NETosis [4], the DNase activity in blood [5] is likely to release histones. FSAPa in turn can cleave and
degrade histones and decrease their toxicity towards cells [3,4]. A single nucleotide polymorphism
(SNP) in the FSAP gene, Marburg I (MI, G534E) is associated with a weak proteolytic activity [6] and an
increased risk of carotid stenosis [7], stroke [8], venous thrombosis [9,10], liver fibrosis [11], and thyroid
cancer [12]. The relationship to venous thrombosis [13] and thyroid cancer [14] was not replicated in a
number of subsequent studies.

This relationship between the loss of FSAP activity and diseases is also replicated in FSAP-deficient
(Habp2-/-) mice. Habp2-/- mice show no explicit characteristics when maintained under standard
pathogen-free laboratory conditions and do not exhibit any developmental abnormalities. These mice
have been studied in two different models of vascular remodeling. In the wire-induced injury model
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of neointima formation, Habp2-/- mice formed a bigger neointima than wildtype (WT mice) [15]. In the
model of hind limb ischemia, arteriogenesis in the adductor muscle was enhanced in Habp2-/- mice,
whereas neovascularization was unchanged in the gastrocnemius muscle [16]. Thus, the lack of Habp2
gene in mice promotes a more exacerbated repair response that is related to enhanced inflammation
and increased activity of the pericellular proteolysis system [15,16].

The effects of FSAP in relation to human diseases and mouse models is likely to be related to
proteolysis of different substrates. Although a number of substrates for FSAP have been identified [17]
we will focus here only on pathways that are linked to vascular remodeling. Growth factors are
cleaved by FSAP, which in some cases leads to a loss of activity, such as platelet derived growth
factor-BB (PDGF-BB) [18]. PDGF-BB cleavage leads to an inhibition of vascular smooth muscle cells
(VSMC) migration and proliferation, as well as neointima formation. FSAP inhibits basic fibroblast
growth factor (bFGF)-mediated endothelial cell proliferation by binding to and/or slowly degrading
the growth factor [19] and can also activate bFGF by releasing it from the matrix [20]. Activation of
bone morphogenetic protein (BMP)-2 and the conversion of pro-BMP-2 into the active form of cytokine
is also a function of FSAP that leads to differentiation of cells [21]. FSAP also cleaves protease activated
receptors (PARs)-1 and -3 and influences vascular permeability in combination with hyaluronic
fragments of different molecular weights [22]. PAR-1 was identified as a receptor on astrocytes and
neurons that mediate the anti-apoptotic effects of FSAP in the context of stroke [23]. Stimulation of
VSMC and endothelial cells by FSAP leads to an increased expression of proinflammatory genes in
both cells types. Whereas the effect of FSAP could be clearly ascribed to PAR-1 on VSMC, this was
clearly not the case for endothelial cells.

Vascular endothelial growth factor (VEGF) is a key factor for determining endothelial lineage,
endothelial cell proliferation and migration, as well as recruitment of pericytes and vessel assembly [24].
It belongs to the cysteine knot family of growth factors that include the four genes of the PDGF family
as well as placental growth factor (PLGF). Of the four genes encoding for VEGF, denoted A, B, C, and D,
VEGF-A is considered to be the most important for hypoxia-driven angiogenesis and is secreted in
multiple forms, such as VEGF121, VEGF165, and VEGF189, by alternative splicing [25]. These isoforms
have a common N-terminal region for receptor binding, whereas the C-terminal part that mediates
binding to co-receptors such as neuropilin and cell- and matrix-associated proteoglycans (ECM) [26] is
progressively longer. This C-terminal region has a cluster of negatively charged amino acids and has
cleavage sites for uPA, plasmin, and matrix metalloproteinases [27], which regulate VEGF’s association
with the matrix and co-receptors and results in a different pattern of neovascularization.

With the knowledge that FSAP can cleave proteins at clusters of basic amino acids [17] and that it
cleaves PDGF-BB [18], we hypothesized that the homologous protein VEGF-A is also cleaved, and its
activity regulated by FSAP. We performed binding and cleavage studies with purified proteins to show
that FSAP can indeed cleave long forms of VEGF in their heparin/neuropilin-binding domain and
that, as expected, this disturbs their binding properties. However, no modulation of VEGF165 activity
in vitro on cellular functions was observed. An inhibiting effect of FSAP in the in vivo matrigel model
of neovascularization model was observed, which supports the notion that this effect of FSAP may
operate in vivo where matrix association, sequestration, and release of VEGF are decisive.

2. Material and Methods

FSAP preparations: The isolation of wild type-FSAP as well as the MI-SNP (G534E
isoform) from human plasma, along with the preparation of enzymatically inactivated
Phe-Pro-Arg-chloromethylketone (PPACK)-FSAP has been described before [18,28]. The buffer
for storage of FSAP was 0.2 M arginine, 0.2 M lysine, 5 mM citrate, pH 4.5, and was also used at the
appropriate dilution to exclude any influence of the vehicle. Because of the rapid auto-activation of the
zymogen form of FSAP into FSAPa, under the experimental conditions used in this study, the term
FSAP is synonymous for FSAPa.

68



Cells 2019, 8, 1396

Specific cleavage of VEGF isoforms: VEGF165 or VEGF121 (R & D Systems, Wiesbaden, Germany)
(2 μg/mL) was incubated with FSAP (12 μg/mL) in Tris pH 7.4, 100 mM NaCl, 2 mM CaCl2 for 1 h at
37 ◦C in the absence or presence of heparin (10 μg/mL) or aprotinin (15 μg/mL), and the reaction was
stopped with SDS sample buffer. Western blots were performed under non-reducing and reducing
conditions (β-mercaptoethanol; 10%, vol/vol) and VEGF was detected with a polyclonal goat antibody
from R & D Systems. Cleaved VEGF was subjected to amino terminal sequencing using the automated
Edman degradation procedure with an online phenylthiohydantoin derivative analyzer (Applied
Biosystems, Darmstadt, Germany).

Binding interactions between FSAP, VEGFR2, VEGF, and neuropilin: VEGF121 or VEGF165 was
immobilized in a Maxisorp microtiter 96-well plate (Nunc, Roskilde, Denmark) at a concentration of
1 μg/mL (50 mL) overnight at 4 ◦C in 50 mM NaHCO3 buffer, pH 9.6. The plate was blocked with 3%
(wt/vol) BSA in Tris pH 7.4, 100 mM NaCl. FSAP (0–2 μg/mL) was added to the wells with 0.3% (wt/vol)
BSA for 2 h at 22 ◦C. After extensive washing, bound FSAP was detected with an antibody followed by
peroxidase-linked secondary antibody. The binding of ligands to BSA-coated wells was used as a blank
in all the experiments and was subtracted to obtain specific binding. Similarly, either neuropilin-1-Fc
or VEGFR2-Fc (R & D Systems) were immobilized to study the binding of FSAP or VEGF.

Cellular assays: Human umbilical vein endothelial cells (HUVEC) were cultivated in ECBM
medium (modified MCDB-151) containing 5% (vol/vol) FCS (Promocell, Heidelberg, Germany) on
fibronectin-coated dishes. For regular growth of these cells, the medium was supplemented with
amphotericin B (50 ng/mL), gentamicin (50 ng/mL), epidermal growth factor (0.1 ng/mL), and bFGF
(1.0 ng/mL), as described by the manufacturer. Growth factors were preincubated with FSAP for 60
min at 37 ◦C before stimulation of serum starved cells, as described previously [18]. DNA synthesis
was determined using the BrdU incorporation kit from Roche Diagnostics (Mannheim, Germany).
Migration was tested in a Boyden chamber on a collagen type I coated membrane with 8 μm pores.
Growth factors were preincubated with FSAP for 60 min at 37 ◦C before cell stimulation. Cells were
incubated in medium containing 0.1% (vol/vol) FCS in the upper chamber, whereas the lower chamber
received the same medium with different additives, as indicated. After an incubation period of 5 h at
37 ◦C, the upper side of the membrane was scraped to remove all cells. Thereafter, the membrane was
fixed, stained, and the optical density of each well was measured to quantify cell migration. Cells were
lysed in SDS-sample buffer and applied onto SDS-PAGE followed by western blotting and detection of
phosphorylated ERK with a phospho-specific antibody with total ERK as a loading control (both from
Cell Signaling Technology, Leiden, The Netherlands).

BAF3-VEGFR2 cells were obtained from Steven Stacker and Marc Achen (Ludwig Cancer Research
Institute, Melbourne Branch, Australia) and BAF3-VEGFR1 cells were provided by Kari Alitalo (Ludwig
Cancer Research Institute, Helsinki, Finland) and were cultured in RPMI-1640 medium containing
murine interleukin (IL)-3 (Strathman Biotech, Hannover, Germany). Cell number was determined by
the WST-1 assay (Roche Diagnostics).

Western blotting analysis: HUVEC were starved for 4 h in serum-free medium and then stimulated
for 15 min with the appropriate agonist. Cells were pre-incubated with inhibitors for 30 min before
induction with agonist. The experiments were stopped by adding SDS sample buffer containing 10 mM
NaF, 1 mM orthovanadate, and 1 mM pyrophosphate, and the samples were processed for western
blotting. SDS-PAGE was performed and proteins were transferred to Hybond nitrocellulose membranes
(GE Healthcare, Freiberg, Germany). For analysis of western blotting, ECL prime chemiluminescence
(GE Healthcare) was used. Tissue pieces were homogenized in a glass homogenizer in TBS (50 mM
Tris, pH 7.4, containing 100 mM NaCl) with 1% (w/v) SDS. After centrifugation, the extracts were
frozen at −80 ◦C until further analysis. Densitometric analysis was performed to calculate relative
expression using ImageJ (NIH, Bethesda, Maryland, USA).

Matrigel model of in vivo angiogenesis: The matrigel model was performed essentially as described
previously [29] and there were 7–8 mice per group. Growth factor-reduced matrigel (BD Biosciences)
was supplemented with heparin (200 μg/mL), VEGF165, and bFGF (200 ng/mL each), FSAP, MI-FSAP,
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or PPACK-FSAP (12 μg/mL), as well as the appropriate volume of buffer control. Without the presence
of heparin, the neovascularization response is very weak in this model system. The concentration of
each growth factor was halved when used in combination. Matrigel was applied subcutaneously into
the right and left underside flank of 8–12 week old female C57/BL6 mice. The mice were sacrificed after
7 days and the matrigel plugs were removed, fixed with formaldehyde, and embedded in paraffin.
Then, 7 μm serial sections were cut and mounted on slides, deparaffinized in xylene, and rehydrated
through graded ethanol washes. After antigen retrieval with Tris-EDTA buffer (pH 9.0), the sections
were stained with endothelial-specific lectin called bandeirea simplificifolia-1 (BS-1, FITC labelled) [30]
and Cy3 labelled anti-α-SMA (α smooth muscle specific-actin) (Sigma) and DAPI. The number of
red/green positive vessels counted per section from three different levels of the matrigel plugs and
vascular density was expressed as number of vessels per mm2. Percentage area of anti-α SMA, BS-1,
and DAPI staining was also quantified using ImageJ. All three parameters essentially gave qualitatively
very similar results, and only bona-fide vessel density results are presented here. We also localized
von Willebrand factor (vWF), an alternative marker for endothelial cells (rabbit polyclonal, DAKO,
Glostrup, Denmark), in some staining experiments. Both methods of endothelial cell quantification
gave similar results.

Hind limb ischemia model and western blotting of VEGF-A: The model of hind limb ischemia and
the resulting changes in arteriogenesis and angiogenesis have been described in detail in our earlier
manuscript [16]. Western blotting with anti-VEGF-A and anti-COX IV was performed to adjust for
differences in protein concentrations. Band density was measured using the image analysis system
Quantity One system (Biorad, Munich, Germany). Experiments were performed in four mice per group.

Statistics and reproducibility: All biochemical and cellular experiments were performed in 3-5
independent experiments. Statistical significance was tested by using analysis of variance (ANOVA)
with Bonferroni post-hoc test using the programme Graphpad Prism Biostatistics Software (Graphpad,
San Diego, CA). A p-value < 0.05 was considered to be significant.

Study approval: All procedures involving experimental animals were approved by the local
government animal care committee (GI 20/10-No. 66/2012) and complied with the Directive 2010/63/EU
of the European Parliament.

3. Results

Binding and cleavage of VEGF-A by FSAP: In solid phase binding assays, FSAP bound to immobilized
VEGF165, but not to VEGF121, in the presence of heparin (Figure 1A,B). Under non-reducing conditions,
there was no change in the intensity or size of the VEGF165 upon incubation with FSAP (Figure 1C,D);
however, under reducing conditions, there was a decrease in VEGF immunoreactivity (Figure 1C,D).
Cleavage was enhanced by heparin, which often functions as a co-factor for FSAP activity. Inhibition
of FSAP by aprotinin reduced this cleavage. The enzymatically inactive PPACK-FSAP had no effect
(Figure 1C). Cleavage of VEGF165 was time-dependent (Figure 1D), but VEGF121 was not cleaved
at all (Supplementary Figure S1). The cleavage site was identified by amino acid sequencing and
was found to be in the neuropilin/heparin-binding domain at position 124/125, which was distinct
from the plasmin cleavage site at 110/111 (Figure 2). The cleavage site for plasmin and FSAP in
relation to the disulphide bridges [31] is shown in Figure 2. Thus, FSAP cleaves VEGF165 in the
heparin/neuropilin-binding region.
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Figure 1. Binding of FSAP (factor VII activating protease) to VEGF (vascular endothelial growth
factor) and its specific proteolytic cleavage: (A) VEGF121 (open bars) or VEGF165 (grey bars) was
immobilized, and the binding of FSAP, in the absence or presence of heparin, was detected with
an anti-FSAP antibody (mean ± SD of triplicate wells); (B) VEGF165 was immobilized, and the
binding of increasing concentrations of FSAP in the absence (open circles) or presence (filled circles)
of heparin was determined. Error bars are smaller than the size of the symbols; (C) Mixtures of
FSAP (or Phe-Pro-Arg-chloromethylketone (PPACK)-FSAP), buffer, heparin, VEGF165, and aprotinin,
as indicated, were incubated, and the reaction was analyzed by western blotting with an anti-VEGF
antibody under reducing or non-reducing conditions; (D) FSAP, VEGF165, and heparin were incubated
for the indicated time intervals and the samples were analyzed for VEGF, as above. Densiometric
analysis was performed to calculate the ratio of VEGF under reduced and non-reduced conditions.
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Figure 2. Sequencing of proteolytically cleaved VEGF: VEGF165 or VEGF121 (20 μg/mL) was incubated
with FSAP (200 μg/mL) or plasmin (200 μg/mL) in the presence of heparin (10 μg/mL) for 2 h at 37 ◦C.
The mixture was separated by SDS-PAGE under reducing conditions and processed for N-terminal
sequencing. The FSAP and plasmin cleavage sites, as well as the disulphide bond assignments in the
heparin/neuropilin-binding domain [31] sequence of VEGF165 are indicated.

Interaction of FSAP with neuropilin and VEGFR-2: Neuropilins are co-receptors that bind to larger
VEGF isoforms, such as VEGF165, in a heparin-dependent manner, and regulate the activity of long
forms of VEGF. Thus, the binding interactions between FSAP, VEGF165, VEGFR, and neuropilin were
investigated. FSAP bound strongly to neuropilin-1-Fc in a heparin-dependent manner, but there
was no binding to VEGFR-2-Fc (Figure 3A). There was no difference in the binding of PPACK-FSAP,
the MI-SNP of FSAP, or WT-FSAP (Figure 3A,B), indicating that the enzymatic activity of FSAP was
not involved in the binding to neuropilin. VEGF165 bound to both neuropilin and VEGFR2 in a
heparin-dependent manner (Figure 3C). VEGF165 binding to neuropilin-1-Fc was partially inhibited
by FSAP in the absence or presence of heparin, but FSAP had no influence on binding of VEGF165 to
VEGFR-2-Fc (Figure 3C,D). Hence, FSAP binds to neuropilin, thereby cleaving VEGF165 that, in turn,
partially decreases its interactions with neuropilin but not VEGFR2.

Effect of FSAP on proliferation and migration of HUVEC or VEGFR-transfected BAF3 cells: Because
FSAP can cleave VEGF165 and inhibits its binding to neuropilin, the effect of FSAP-treated VEGF165

on the activation of HUVEC was investigated in the absence or presence of heparin. FSAP did not
influence bFGF- or VEGF165-induced DNA synthesis or cell migration (Figure 4A,B). Phosphorylation
of ERK in HUVEC with bFGF or VEGF pretreated with FSAP was not altered (Figure 5).
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Figure 3. Interactions between FSAP, neuropilin, VEGFR2, and VEGF165: (A) Neuropilin-1-Fc or
VEGFR2-Fc was immobilized and the binding of wild type (WT)-FSAP (open bars), Marburg I
(MI)-FSAP (G534E-SNP) (grey bars), or PPACK-FSAP (hatched bars) was determined in the absence
or presence of heparin; (B) To immobilized neuropilin-1-Fc, increasing concentrations of WT-FSAP
(circles) or MI-FSAP (squares) in the absence (open symbols) or presence (closed symbols) of heparin
(filled circles) was added, and FSAP binding was determined; (C) Neuropilin-1-Fc or VEGFR2-Fc
was immobilized, and the binding of VEGF165 was determined in the absence or presence of heparin
(open bars), buffer (grey bars), or FSAP (hatched bars); (D) Neuropilin-1-Fc was immobilized and the
binding of VEGF165 was determined in the presence of heparin and increasing concentrations of FSAP,
as indicated. Results are shown as absorbance (mean + SD of triplicate wells). Error bars in 2B and 2D
are smaller than the size of the symbols. * p < 0.05.

 

Figure 4. Effect of FSAP on proliferation and migration of human umbilical vein endothelial cells
(HUVEC): basic fibroblast growth factor (bFGF) (40 ng/mL) and/or VEGF165 (20 ng/mL) in the presence
of FSAP (12 μg/mL) (dark bars) or buffer control (dotted bars), as well as heparin (10 μg/mL) was
preincubated for 60 min at 37 ◦C, and the mixtures were used to stimulate serum-starved HUVEC.
(A) DNA synthesis was determined using the BrdU incorporation kit; (B) Migration was tested in a
Boyden chamber. Sphingosine-1-phosphate (S1P) was used a positive control and its concentration was
200 nM. Data are mean + SD of triplicate wells.
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Figure 5. Effect of FSAP on ERK phosphorylation in HUVEC: Mixtures of FSAP (12 μg/mL), buffer,
heparin (10 μg/mL), VEGF165 (20 ng/mL), and/or (bFGF 50 ng/mL) were preincubated for 1 h at 37 ◦C
in serum-free medium and then added to cells for 15 min. Cells extracts were analyzed by Western
blotting for phosphorylated ERK. Analysis of total ERK was performed to confirm equal loading of gel
with lysates. Relative phospho ERK levels were determined by densiometric analysis.

In order to further characterize this result, we also tested the activation of VEGFR-transfected
BAF3 cells that are very sensitive to the effects of VEGF. Even in this very sensitive cellular system, FSAP
did not inhibit VEGF165- or VEGF121-induced proliferation of BAF-3 cells transfected with VEGFR1 or
VEGFR2 (Figure 6A,B). FSAP did not inhibit the effect of bFGF on HUVEC, which is in accordance
with our previous results on VSMC [18], but is in contrast to earlier studies on HUVEC [19,20,32].
Expression of neuropilin-1 was observed on both cell types by flow cytometry (data not shown). Thus,
in different cellular test systems, FSAP-mediated cleavage of VEGF165 did not alter its ability to activate
cellular functions.
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Figure 6. Effect of FSAP on VEGF-mediated proliferation of VEGFR expressing BAF3 cells:
(A) VEGFR2-BAF3 cells were stimulated for 4 days with (dark bars) or without VEGF165 (10
ng/mL) (dotted bars) in the absence or presence of FSAP (12 μg/mL), as well as heparin (10 μg/mL);
(B) VEGFR1-BAF3 cells were stimulated with VEGF165 (circles) or with VEGF121 (squares) in the
absence (filled) or presence (open) of FSAP (12 μg/mL), as well as heparin (10 μg/mL). Cell number was
determined by the WST-1 assay. Mean + SD of triplicate wells is shown.

Effect of FSAP on growth factor-mediated neo-vascularization in matrigel plugs in vivo: We then
tested the effect of FSAP in a model system where VEGF165 interaction with the matrix is important.
This model was based on measuring neovascularization in vivo into matrigel plugs that is essentially
an extract of tumor extracellular matrix. VEGF165 or bFGF, alone or in combination in the presence of
heparin, stimulated the development of new vessels in matrigel, as determined by immunostaining
for endothelial and smooth muscle cell markers (Figure 7A; endothelial-specific BS-1 (green) and
α-SMA (α smooth muscle specific-actin) (red)). Quantification of the staining showed that the
concomitant presence of FSAP reduced neovascularization induced by growth factors (Figure 7B).
Enzymatically inactivated PPACK-FSAP did not inhibit growth factor-mediated neo-vascularization
(Figure 7A,B), indicating the importance of the FSAP proteolytic activity for this effect. Similarly, the
enzymatically inactive MI-isoform of FSAP did not inhibit VEGF165/bFGF-mediated neo-vascularization
(Supplementary Figure S2). The effect of VEGF121-mediated neo-vascularization was not inhibited
by FSAP (Supplementary Figure S2). Thus, exogenously applied FSAP could inhibit the effects of
VEGF165, bFGF, and their combination on neovascularization in matrigel plugs in vivo. Preliminary
experiments showed that the neovascularization into matrigel in response to growth factors, in the
absence of endogenous FSAP (Habp2-/- mice), was similar as in WT mice (data not shown).
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Figure 7. Cont.
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Figure 7. Effect of FSAP on microvascular density in matrigel plugs in vivo: (A) Photomicrographs of
matrigel plugs after 7 days and stained for BS-1 (FITC, green), α-SMA (α smooth muscle specific-actin)
(Cy3, red), and nuclei (DAPI, blue); (B) Microvascular density of plugs was determined, bars are means
± SEM (n = 7–8), * p < 0.05. Matrigel was supplemented with heparin and with either buffer (dotted
bars), FSAP (black bars), or PPACK-FSAP (striped bars), as well as VEGF165 or bFGF, as indicated.

VEGF expression in the Habp2-/- mice subjected to hind limb ischemia: We then examined whether the
levels of the long forms of VEGF were higher in mice in the absence of endogenous FSAP (Habp2-/- mice).
For this, we used the hind limb ischemia model where angiogenesis is induced in the gastrocnemius
muscle after femoral artery ligation [16]. Although, collateral growth in the adductor muscle was
enhanced in Habp2-/- mice, capillary density in the gastrocnemius muscle was not altered at 21 days.
Western blotting showed that, at an earlier time point of day 3 after ligation, VEGF-A protein was
significantly upregulated in the gastrocnemius muscle of Habp2-/- mice compared to WT mice, whereas
no increase was observed in the adductor muscle (Figure 8). At day 7, after ligation, this effect on
VEGF-A protein was no longer evident. The VEGF-A isoform detected was largely the VEGF121 dimer
(30 kDa), and longer forms seemed not to be produced in this tissue. It was also possible that longer
forms were produced and then cleaved to smaller forms. No change in VEGF-A mRNA was detected
at the day 3 time point (Supplementary Figure S3). Thus, it was not possible to establish a causal link
between the absence of endogenous FSAP and the increased presence of longer forms of VEGF in this
experimental system.
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Figure 8. Changes in VEGF protein levels in the Habp2-/- mice after hind limb ischemia: In the hind
limb muscles of WT- and Habp2-/- mice, VEGF-A protein was detected by western blotting at day 3 in
the gastrocnemius muscle (top panel) and adductor muscles (bottom panel). VEGF-A was normalized
to the expression of cytochrome C oxidase, as measured by western blotting on stripped blots. Relative
VEGF-A levels were quantified by densitometry (means + SEM, n = 4, * p < 0.05).

4. Discussion

VEGF165 was cleaved at position 124/125 in the heparin/neuropilin-binding region that resembles
a classic, multi-basic, FSAP cleavage site. Because the disulphide bonds in this region were still intact,
there was no difference in mobility of the protein under non-reducing conditions, only under reducing
conditions. Only the larger forms of VEGF, 165 but not 121, bound to FSAP, thus conferring specificity
to the process. FSAP also bound to neuropilin but not to VEGF-R2, and partially inhibited VEGF165

binding to neuropilin. The binding and cleavage by FSAP was more pronounced in the presence of
heparin, which is cofactor for FSAP. As previously reported, plasmin cleaved VEGF after position
110, thereby completely separating the receptor-binding domain from the heparin/neuropilin-binding
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domain [33,34]. Cleavage in the C-terminal region of VEGF165 occurs naturally in vivo, and such
cleaved forms have been observed in tumor ascites [35] as well as wound fluids [34]. Such cleavage
is likely to reduce the association of VEGF long forms with the matrix and increase their mobility,
thus raising the possibility of activating VEGF receptor as well as modulating their binding to
co-receptors [27].

In proliferation, migration, and signal transduction assays on HUVEC, no consequence of
the VEGF165 cleavage was observed. This cleavage did not affect the induction of proliferation of
VEGFR-transfected BAF3 cells either. This can be explained by the fact that the position of the cleavage
in VEGF165, in relation to the disulphide bond, was such that the molecule was still held together
and preserved some of its characteristics. Other proteases such as urokinase, matrix metalloprotease
(MMP), elastase, and tissue kallikrein also cleave the long forms of VEGF in this region and modulate
its activity in different ways depending on the site of cleavage.

Matrigel-embedded growth factors provide a model to study neovascularization in vivo [29].
Growth factor-reduced matrigel is the matrix of mouse sarcoma, which contains 1851 unique proteins
including classical matrix proteins such as laminin, collagen IV, entactin/nidogen, fibronectin,
and heparan sulphate proteoglycans [36]. Heparin increases angiogenesis in this model by
multiple mechanisms that probably include modifying growth factor’s presentation to the cellular
receptors [37]. In this model, FSAP inhibited the activity of VEGF165, bFGF, and a combination of
both, and microvascular density was decreased. We used BS1 and vWF as markers for endothelial
cells and α-SMC actin as a marker for pericytes/VSMC. Individually, the staining of each marker was
reduced by FSAP, indicating that FSAP directly inhibited both cell types. FSAP may also influence
paracrine interactions between them, potentially, leading to the same end result. In this model, bFGF
and VEGF165 were known to upregulate PDGF-BB, and this in turn may have been responsible for the
recruitment of the smooth muscle cells [38]. Smooth muscle cells and pericytes can indirectly contribute
to the regulation of neo-vascularization through various paracrine/juxtacrine mechanisms [39], and we
have previously shown that FSAP can inhibit PDGF-BB [18]. The inhibitory effect of FSAP on bFGF
may be related to a complex interaction between FSAP and bFGF, as described before [19]. This result
also illustrates the fact that the inhibitory effect of FSAP in this model was not limited to VEGF165, and
a completely different mechanism of action, independent of the growth factor, cannot be excluded.

In view of the lack of the effect of FSAP on VEGF-mediated proliferation and migration of
endothelial cells in vitro, the strong reduction of angiogenesis in the matrigel model was remarkable.
Because FSAP cleavage of VEGF165 led to a VEGF121-like molecule, the difference in the in vitro and
in vivo results must be related to the difference between the two isoforms. It was possible that in
the matrigel model, the VEGF was presented to the cells in a form that was bound to the matrix,
and that the haptotaxis-effect was altered by FSAP. Evidence for proteolysis-mediated modulation
of haptotaxis of matrix-anchored VEGF has been demonstrated before [40]. The cleavage of VEGF
by FSAP may also alter the sequestration of the growth factor by the matrix or its spatial complexity,
both of which are known to be important for VEGF activity [41]. VEGF can also activate leukocytes
and other VEGFR-bearing cells, which may indirectly mediate the inhibition of angiogenesis by FSAP.
An effect of VEGF in the matrigel model through changes in vascular permeability was also a possibility.
The time course of the in vitro experiments, ranging from minutes to 24 h, were different from the
in vivo matrigel experiments that lasted a few days, and this could also account for the differences in
the results.

The induction of ischemia led to angiogenesis in the gastrocnemius muscle in the hind limb
ischemia model. Mice without endogenous FSAP showed no changes in their angiogenesis response in
this model, indicating that endogenous FSAP was not involved in this process [16]. However, collateral
vessel growth was increased in the adductor muscle. Application of exogenous FSAP, directly into the
adductor muscle, decreased collateral growth there, but increased angiogenesis in the gastrocnemius
muscle. This was most likely a response to the decreased collateral growth in the vessels feeding the
gastrocnemius muscle [16]. In the neointimal growth model, exogenous FSAP decreased neointima
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formation [15] and a lack of endogenous FSAP increased it [18]. Thus, in two independent models of
vascular growth and repair, FSAP seemed to be involved in regulating vascular remodeling but not
angiogenesis. This also fits with the lack of difference in neovascularization in Habp2-/- mice in the
matrigel model (see Table 1 for an overview).

Table 1. Summary of the effects of FSAP on vascular growth and repair processes.

Habp2-/- Mice: Lack of
Endogenous FSAP

Local Application of Exogenous
Purified FSAP

Neointima formation in response to
intraluminal injury in the femoral artery Increased [15] Decreased [18]

Femoral artery ligation and stimulation of
collateral development in the

adductor muscle
Increased [16] Decreased [16]

Femoral artery ligation and stimulation of
angiogenesis in the gastrocnemius muscle No change [16]

Increased, probably as a
consequence of decreased

collateral growth [16]

Matrigel/growth factor model of angiogenesis No change (this study) Decreased (this study)

We chose to study the hind limb ischemia model to investigate processing of long forms of
VEGF because we have performed studies using this model in FSAP-deficient mice [16]. However,
we did not detect any VEGF165 in this tissue and it was not possible to find any direct evidence
for changes in cleavage of this VEGF isoform. However, we did observe an increase in VEGF121 in
Habp2-/- in the absence of any increase in mRNA. Further experiments would be required to study
VEGF isoform-specific mRNA and protein to provide compelling evidence for this hypothesis. In this
model system there was an upregulation of uPA and MMP-9 at the mRNA and protein level in the
gastrocnemius muscle, which could also account for the fact that only the short form of VEGF was
detected [16]. Such experiments would be more conclusive in performed in relation to angiogenesis in
the eye or the brain because they display the sharpest concentration gradients of VEGF165 [27].

Although endogenous FSAP did not regulate angiogenesis and neovascularization, it did
influence remodeling of vessels in general. VEGF165 cleavage, binding properties towards neuropilin,
and angiogenesis in matrigel were inhibited by exogenous FSAP. Thus, FSAP has the potential to
modulate VEGF165-mediated angiogenesis that may be relevant in some pathophysiological conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/11/1396/s1,
Figure S1: Cleavage of VEGF165 and VEGF121 by FSAP, Figure S2: Microvascular density in matrigel plugs, Figure
S3: Vegf-A mRNA in the hind limb ischemia model.
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Abstract: A common feature of tumorigenesis is the upregulation of angiogenesis pathways in order to
supply nutrients via the blood for the growing tumor. Understanding how cells promote angiogenesis
and how to control these processes pharmaceutically are of great clinical interest. Clear cell renal
cell carcinoma (ccRCC) is the most common form of sporadic and inherited kidney cancer which is
associated with excess neovascularization. ccRCC is highly associated with biallelic mutations in the
von Hippel–Lindau (VHL) tumor suppressor gene. Although upregulation of the miR-212/132 family
and disturbed VHL signaling have both been linked with angiogenesis, no evidence of a possible
connection between the two has yet been made. We show that miRNA-212/132 levels are increased
after loss of functional pVHL, the protein product of the VHL gene, in vivo and in vitro. Furthermore,
we show that blocking miRNA-212/132 with anti-miRs can significantly alleviate the excessive vascular
branching phenotype characteristic of vhl−/− mutant zebrafish. Moreover, using human umbilical
vascular endothelial cells (HUVECs) and an endothelial cell/pericyte coculture system, we observed
that VHL knockdown promotes endothelial cells neovascularization capacity in vitro, an effect which
can be inhibited by anti-miR-212/132 treatment. Taken together, our results demonstrate an important
role for miRNA-212/132 in angiogenesis induced by loss of VHL. Intriguingly, this also presents a
possibility for the pharmaceutical manipulation of angiogenesis by modulating levels of MiR212/132.

Keywords: VHL loss of function; microRNA-212/132; angiogenesis

1. Introduction

Clear cell renal cell carcinoma (ccRCC), the most common form of sporadic and inherited
kidney cancer, is highly associated with mutations in the von Hippel-Lindau (VHL) gene [1,2].
The protein product of the VHL gene (pVHL) is an E3 ubiquitin ligase involved in the degradation of
hypoxia-inducible transcription factor subunits (HIF1α). Under normal oxygen tension, hydroxylated
HIF1α can be recognized by the ubiquitin ligase complex containing pVHL and rapidly degraded.
Upon hypoxia or loss of functional pVHL, HIF1α-subunits can no longer be hydroxylated and begin
to accumulate. Stabilized HIF1α activates the expression of a large suite of downstream target
genes (Erythropoietin (EPO), vascular endothelial growth factor (VEGF), etc), the actions of which
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are vital to promote angiogenesis. However, many of the changes initiated by the stabilization of
HIF1α, such as increased angiogenesis, an upregulation of antiapoptotic signaling, and a shift to
anaerobic glycolosis, can contribute to tumor growth and survival. People born with a mutation in one
VHL allele may acquire somatic mutations in the second allele, resulting in consequent angiogenic
symptoms and a variety of tumors, including ccRCC [3]. Another hallmark of ccRCC is the activated
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3k)/AKT pathway signaling, higher levels of which
is significantly correlated with a worse survival rate [2], although the mechanism by which this occurs
is still not fully understood.

MicroRNAs (miRNAs) are small noncoding RNAs that posttranscriptionally regulate the
expression of groups of target genes by inhibition of the translation of their targeting messenger
RNAs (mRNAs) or marking these mRNAs for degradation. miRNAs are key regulators in many
physiological and pathological processes [4], including the dynamic regulation of ccRCC during
tumor progression [2]. By promoting the expression of vascular endothelial growth factor (VEGF),
VHL/HIF1 signaling increases Cyclic adenosine monophosphate (cAMP) response element binding
protein (CREB) levels, a transcription factor which upregulates the expression of pro-angiogenic
miR-212/132 [5]. This implies that pVHL loss-of-function would stimulate miR-212/132 expression and
therefore contribute to excessive angiogenesis. In this study, using a combination of cellular models,
patient ccRCC material with biallelic loss of VHL and a previously described vhl−/− mutant zebrafish
model, we show that miR-212/132 is upregulated after VHL knockdown or mutation and that this
upregulation is at least partially responsible for pro-angiogenic effects. In order to grow, cancer tissues
such as ccRCC have developed various strategies to provide sufficient blood supply by promoting
angiogenesis [6]. Many of the common pharmaceutical treatments for ccRCC, such as sunitinib,
use the strategy of reducing pathophysiological angiogenesis [7]. Conversely, many different strategies
have been tested to improve perfusion of certain ischemic tissues or engineered tissue constructs by
promoting neovascularization, which is essential for functional recovery of the organ after ischemic
events or survival of transplanted engineered tissue constructs [8]. A scarcity of functional pVHL
induces excessive vascular outgrowth, which further is enhanced by miR-212/132 expression, providing
an exciting target for the modulation of angiogenesis.

2. Materials and Methods

2.1. MicroRNA In Situ Hybridization

microRNA in situ hybridization was performed with a modified microRNA in situ hybridization
method as described [9]. Formalin-fixed paraffin-embedded tumor tissue from two ccRCCs and
one healthy donor kidney dating from September 2006 were collected from the pathology archives
of the University Medical Centre Utrecht (UMCU) after authorization of the UMCU institutional
review board in accordance with Dutch medical ethical guidelines. Sequencing results of VHL
identified no variants in the normal healthy kidney. However, in ccRCC #1, in addition to the already
known germline deletion of VHL exons 1 and 2, an additional somatic mutation was found in the
tumor (c.277delG/p.Gly93Ala_fs_x158). ccRCC #2 has a germline mutation c.266T> p.Leu89Pro and a
somatic mutation of c.419-420delTC/p.Leu140Gln_fs_x142. Mutation analysis of these tumors has been
previously published [10].

Paraffin samples were first deparaffinized with tissue clear (Cat# 1426, SAKURA) followed with
10 min of proteinase K treatment (5μg/ml, Cat# 03115828001, Roche). Hybridization was performed
with 10 nM DIG-labeled miRCURY LNA miRNA detection probes in hybridization buffer (Urea (2 M),
2.5× SSC, 1× Denhardt’s, 200 μg/ml yeast tRNA, 0.1% CHAPS, 0.1% Tween, and 50mg/ml heparin)
for miR-132 (Cat# 38031-15, Exiqon). Sections were subsequently incubated with anti-DIG alkaline
phosphatase antibody (1:1,500, Cat# 1093274, Roche). To block endogenous alkaline phosphatase
activity, sections were incubated with levamisole solution (Cat. X3021, DAKO), followed by NBT/BCIP
(Cat# K0598 DAKO) incubation for visualization. A light Eosin counter staining was performed to
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visualize histology of the tissue. Images were taken with an Olympus microscope (BX53) under
bright field.

2.2. Cell Culture and Transfection

Human umbilical vascular endothelial cells (HUVECs) were cultured in EGM2 (Lonza, cat#
cc-3156) according to manufacturer’s instructions, and all experiments were performed before
passage 7. HUVECS were either transfected with validated siVHL (ID: s14790), siPTEN (ID: s61222),
silencer select negative control #1 (cat# 4390843), mirVana miRNA mimic negative control (cat#
4464085), hsa-miR-132-3p mimics (ID: MC10166), hsa-miR-212-3p mimics (ID: MC10340), mirVana
miRNA inhibitor control1 (cat# 4464077), hsa-miR-132-3p inhibitor (ID: AM10166), or hsa-miR-212-3p
inhibitor (ID: AM10340) (all from Life Technologies) using Lipofectamine 2000 (Life Technologies).
The transfection was performed with a final concentration of 20 nM in opti-MEM reduced-serum
medium (Cat# 31985062, Life Technologies) and replaced with fresh EGM2 after 6 hours. Cells were
harvested 72 hours after transfection for protein or RNA analysis.

2.3. RNA Isolation and RT-PCR

Total RNA was isolated with Tripure Isolation Reagent following manufactory’s instructions (Roche
Applied Science) and treated with Dnase to remove potential genome DNA contaminations. cDNA
was synthesized using the iScriptTM cDNA Synthesis Kit (Bio-Rad). Quantitative real-time polymerase
chain reaction (qRT-PCR) was performed with iQ SYBR Green Supermix (Bio-Rad). The following
primers were used for detection of human genes: GAPDH forward 5′-GGCATGGACTGTGGTCAT
GA-3′ and reverse 5′-TTCACCACCATGGAGAAGGC-3′; PTEN forward 5′-TGGATTCGACTTAGACT
TGACCT-3′ and reverse 5′-GGTGGGTTATGGTCTTCAAAAGG-3′; VHL forward 5′-CAGCTACCGA
GGTCACCTTT-3′ and reverse 5′-CCGTCAACATTGAGAGATGG-3′; the following primers are used for
zebrafish: ptena forward 5′-CCAGCCAGCGCAGGTATGTGTA-3′ and reverse 5′-GCGGCTGAGGAAAC
TCGAAGATC-3′; ptenb forward 5′-GCTACCTTCTGAGGAATAAGCTGG-3′ and reverse 5′-CTTGATG
TCCCCACACACAGGC-3′; rpl13α forward 5′-TCTGGAGGACTGTAAGAGGTATGC-3′ and reverse
5′-AGACGCACAATCTTGAGAGCAG-3′ (All primers from Integrated DNA Technologies, Coralville,
IA, USA).

2.4. In Vitro Angiogenesis Assay

HUVECs (Lonza) and human brain vascular pericytes (Cat#1200, Sciencell) were cultured on
gelatin-coated plates in EGM2 medium (Lonza cat# cc-3156) and DMEM (10% FCS; Lonza), respectively,
in 5% CO2 at 37 ◦C. Lentiviral transduced HUVECs expressing green fluorescent protein (GFP) and
pericytes expressing red fluorescent protein (RFP) were used between passage 6–8. HUVECs were
transfected either with siRNA or anti-miRs as described above. In order to monitor the effects of
miR-132 and miR-212 in angiogenesis, transfected HUVEC-GFP and Pericytes-dsRed were suspended
in a 2.5 mg/ml collagen type I (BD Biosciences) as described by Stratman [11]. Cocultures were
imaged after 48 h and 120 h incubation in 5% CO2 at 37 ◦C by fluorescence microscopy, followed
by automated thresholding and skeletonization of the images using a commercial analysis system
(Angiosys, Buckingham, UK). These images were used for automated tubule length measurement,
junction measurement, and other analyses according to manufacturer’s instructions.

2.5. Zebrafish

Experiments were conducted in accordance with Dutch guidelines for the care and use of laboratory
animals, with the approval of the Animal Experimentation Committee (DEC) of the Royal Netherlands
Academy of Arts and Sciences (KNAW). Mutant zebrafish possessed the previously described vhlhu2117

mutation [12]. For RNA collection, zebrafish embryos were collected at 5 dpf based on these phenotypes
and RNA was collected using Trizol reagent (Ambion) as per manufacturer’s instructions.
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2.6. Injections and Visualizations

Wild-type and mutant Zebrafish embryos were injected at the 1–2-cell stage with 1 nL of 5 uM
of the same miRNA mimics and antagonists used for the cell culture experiments described above.
Mimics and antagonists were diluted in pure water with 0.1% phenol red for visualization and injected
using a nanoject2000 microinjector (World Precision Instruments). Zebrafish were selected without bias
at 5dpf and then imaged using an LSM700 microscope (Zeiss). DNA was then collected from theses
embryos using lysis buffer, and then embryos were genotyped using a KASP™ genotyping system
(LGC Genomics, Teddington, Middlesex, England) kit designed against the vhlhu2117 mutation or by
sanger sequencing using the following primers: Fw: 5’-TAA GGG CTT AGC GCA TGT TC-3’ and Rv:
5’-CGA GTT AAA CGC GTA GAT AG-3’.

2.7. Statistical Analysis

Data was analyzed with Graphpad Prism 6 and comparisons were performed with student t-test
or paired t-test between two groups and with ANOVA for more than two groups. Data are presented
as mean ± SEM. p-values are indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; p < 0.05 is
considered significant.

3. Results

miRNA-212/132 are transcribed as a single RNA transcript and subsequently processed into
two different mature microRNA miR-132 and miR-212. Due to the different efficiency in pre-miR
processing, miR-132 is the dominant family member, as shown in Figure 1F. In most of the tissues,
the expression of miR-212 are hardly detectable with the only exception being the brain. For this reason,
mir-132 was used as the primary target in this study. We first examined the expression of miR-132
in relation to VHL loss-of-function and (pseudo)-hypoxic signaling. We found that endothelial cells
grown in hypoxic conditions display significantly elevated levels of miR-132 expression (Figure 1A).
We observe similar effects in HUVECs transfected with siRNA targeting VHL mRNA relative to
those treated with non-targeting siRNA (Figure 1B). miR-212/132 are well conserved in most species,
including zebrafish (Supplementary Figure S1A). To confirm this effect in vivo, we used a previously
established zebrafish model of VHL deficiency [12–14]. Like our cell models, vhl−/− zebrafish also
show an increased level of expression of miR-132 (Figure 1C). In isogenic cell lines taken from human
ccRCC VHL−/− tumors, the expression of miR-132 is reduced upon VHL reconstitution with ectopic
VHL (Figure 1E). The reduction of miR-132 expression is present in all cell lines upon VHL introduction
but less pronounced in the RCC10, which might be related to a cell-line-specific genetic alteration on
top of the VHL disruption that affects the miR-132 pathway. To assess the functional consequences of
miR-212/132 loss in these cells, we examined the expression of a known target mRNA of this miRNA
family. PTEN, phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase, antagonizes the activity of
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), suppressing cellular proliferation, cell survival,
and angiogenesis by inactivating the PI3K-driven AKT signaling pathway [15]. PTEN has been
predicted to be a potential target of miR-212/132 in humans by targetscan (Supplemental Figure S1B),
and the rat homologue of PTEN has been shown to be targeted by miR-212/132 in rat vascular smooth
muscle cells [16]. Moreover, downregulation of PTEN has been significantly correlated with lower
survival rate in ccRCC patients [2]. We reasoned that upregulated miR-212/132 upon mutation or
silencing of VHL could result in the subsequent reduction of PTEN. We therefore examined PTEN
expression in HUVEC cells transfected with miR-212/132 mimics and found that the expression of
PTEN was significantly reduced in these cells (Figure 1D). In order to assess the relative effects of
miR-212 versus miR-132, we examined the differential expression of these miRNA in different mouse
tissues. miR-212 is found at extremely low levels in the tissues tested, except brain tissue (Figure 1F).
Based on this information, we examined miR-132 expression in histology slides taken from ccRCC
tumors using microRNA in situ hybridization. In agreement with our previous qPCR results, we
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observed widespread overexpression of miR-132 in tumor material from ccRCC samples with biallelic
VHL mutations proven by sequencing (Figure 1E). These results demonstrate that miR-132 is increased
in response to the pseudo-hypoxia induced by the lack of functional pVHL, which eventually leads to
overexpression of miR-132.

Figure 1. Characterization of miR-132 expression under hypoxic and pseudo-hypoxic conditions:
(A) The expression of miR-132 in human umbilical vascular endothelial cells (HUVECs) under normoxia
and hypoxia as compared by qPCR. (B) The expression of von Hippel–Lindau (VHL) in HUVECs
after transfection with siRNA against VHL and the expression of miR-132 in siSham and siVHL
transfected HUVECs as compared by qPCR. (C) The expression of miR-132 in wildtype (WT) and
vhl−/− mutant zebrafish as compared by qPCR. (D) The expression of known miR-132 target PTEN
(phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase) in HUVECs treated with miR-132/212 mimics
versus control as compared by qPCR. (E) The expression of miR-132 in established VHL−/− lines RCC10,
A498, and 786-0 as well as the same lines reconstituted with ectopic VHL. The presented data is a mean
of 3 in-depended PCR experiments with counting error. (F) Relative expression of miR-132 and 212
in different tissues in mouse. Note miR-132 expression is considerably higher than miR-212. n = 3.
(G) The expression of miR-132 in healthy kidney tissue and ccRCC from two patients with known
bilateral VHL mutations in their tumor as shown by miR-132 in situ hybridization. miR-132 in situ is in
purple blue. Light eosin counterstaining appears pink. * p < 0.05; ** p < 0.01; *** p < 0.001

To assess the functional consequences of miR-212/132 expression in a VHL-null environment,
we used an in vitro coculture assay designed to gauge angiogenesis. In agreement with the important
role of VHL in HIF1 degradation, knockdown of VHL in HUVEC/pericyte coculture shows significantly
more vascular junctions, tubule number, and total tubular length as compared to siSham control
treatment (Figure 2A–C). To evaluate whether the pro-angiogenic effects of VHL silencing are mediated
by a downstream increase in miR-212/132, GFP-labelled HUVECs were treated with anti-miRs against
miR-212/132 in combination with siRNA targeting VHL. Inhibiting the action of miR-212/132 reduced the
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excessive angiogenetic response induced by the silencing of VHL significantly (Figure 2D), suggesting
that VHL-regulated angiogenesis is at least partially mediated by the upregulation of miR-212/132.

Figure 2. Reduced levels of VHL enhances endothelial cell neovascularization capacity and can be
inhibited by blocking miR-132 or miR-212. (A) Schematic outline of the coculture experiment with
HUVECs and pericytes. (B) Representative images showing the analysis process of tubular structures in
the endothelial cells and pericytes coculture assay. (C) VHL siRNA knockdown in HUVECs enhances
endothelial cell neovascularization capacity. (D) Blocking miR-132/212 inhibits neovascularization
enhancement induced by VHL knockdown. Cell images are used to produce skeletonized 2D images
which can be analyzed automatically. * p < 0.05; ** p < 0.01; *** p < 0.001

vhl−/− zebrafish embryos display a phenotype of post-vascularization branching/sprouting around
the intersomitic vessels in the tails. Counting these sprouts is known as a quantitative measure of
angiogenesis in zebrafish [13]. vhl−/− zebrafish were injected at a one-cell stage with anti-miRs directed
against miR-132 or miR-212, and four days later, tails of the living fish were imaged with a confocal
microscope (Figure 3A). The cloaca of the zebrafish is placed in the center of the image, and the
branches sprouting from the inter-somitic vessels were counted for the four vessels anterior and the
four vessels posterior to the cloaca (Figure 3B). Anti-miR injections against miR-212/132 significantly
reduced the extent of intersomitic vessel sprouting in vhl−/− fish (Figure 3C,D). In addition, injecting
wild-type zebrafish with miR-212/132 mimics partially recapitulated the vhl mutant vessel sprouting
phenotype (Supplemental Figure S1C,D). In light of the fact that miR-212/132 expression is therefore
linked to vessel sprouting in vhl−/− zebrafish, we proceeded to look at the expression of PTEN in our
VHL-null models, as we had previously done in HUVECs. Zebrafish, as opposed to mammals, have
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two copies of the pten gene: ptena and ptenb. Zebrafish with loss of both ptena and ptenb [17] also display
a vessel sprouting phenotype that phenocopies the one found in zebrafish injected with miR-212/132
mimics. ptenb is a predicted target of miR-212/132 in targetscan but not ptena (Supplemental Figure S1E).
Accordingly, we found significantly reduced ptenb expression in vhl−/− zebrafish with no significant
changes observed in ptena (Figure 4E).

Figure 3. Inhibition of miR-132 or miR-212 suppresses VHL loss of function-induced vasculature
outgrowth in zebrafish. (A) Schematic outline of the zebrafish embryo microinjection experiment.
microRNA mimics and anti-miRs are injected into the yolk of the eggs on day 0 and imaged with a
confocal microscope on day 5. (B) Schematic cartoon showing the area of the zebrafish embryo that
is imaged after microinjection. The cloaca is marked with a red arrow. The imaging area is shown
with a red box. The vessels of the tail are shown in green. (C) Representative images of zebrafish
tail vascular structures in vhl+/− and vhl−/− zebrafish after injection with scrambled or miR-132 and
miR-212 inhibitors. White arrows designate examples of structures which have been scored as branches.
(D) Quantification of vascular branching in zebrafish tail structures after injection with scrambled
control inhibitors, miR-132 inhibitors, or miR-212 inhibitors. (E) The expression levels of ptena and
ptenb in WT and vhl−/− zebrafish determined by qPCR. * p < 0.05; ** p < 0.01.
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Figure 4. Proposed mechanism of miR-132/212 in modulation of the VHL/phosphatidylinositol-4,
5-bisphosphate 3-kinase (PI3K)/Protein kinase B(AKT)pathways. (A) During normoxia, hypoxia-inducible
transcription factor 1 (HIF1) is ubiquitinated by the VHL-ubiquinition complex, targeting it for
degradation. Some effactors, such as PTEN, antagonizes PI3k to prevent AKT from being activated.
(B) Upon hypoxia, HIF1 can no longer be hydroxylated, which prohibits VHL-regulated degradation,
and allows stabilized HIF1 to translocate to the nucleus, upregulating its downstream targets such as
vascular endothelial growth factor (VEGF). VEGF in turn activates the PI3k-AKT pathway and upregulates
miR-132/212 expression as well. Upregulated miR-132/212 inhibits effector (e.g., PTEN) expression,
which in turn prolongs AKT activity. (C) VHL loss-of-function phenocopies hypoxic conditions even in
the presence of oxygen (pseudo-hypoxia).

4. Discussion

In this study, we used patient material, human cells, and zebrafish to examine the role of the
miRNA-212/132 family in ccRCC tumor neovascularization caused by the loss-of-functional pVHL.
We observed that miR-212/132 is upregulated in response to VHL mutation both in zebrafish model
systems and in human patient ccRCC tumor material carrying biallelic inactivating VHL mutations.
We demonstrated that the excessive angiogenesis attributable to VHL mutation is strongly affected by
miR-212/132. Indeed, targeting these miRNAs with anti-miRs can significantly reduce angiogenesis
in both in vitro and in vivo models of VHL deficiency. We identified the tumor suppressor PTEN
as one of the targets affected by miRNA-212/132 in VHL-null models. Taken together, our results
implicate miRNA-212/132 as an important intermediate in angiogenesis after loss-of-functional pVHL
or tissue hypoxia.

The miR-212/132 family is clustered in the genome and is highly conserved in vertebrates.
miR-212/132 is initially expressed as one primary miRNA and then processed into two mature miRNA
with the same target-defining “seed” sequence [18]. This miRNA family plays a number of roles in
the promotion of angiogenesis. Mice without functional miR-212/132 show impaired arteriogenesis
response after hindlimb ischemia [19]. The pro-angiogenic potential of miR-132 has been used to
increase angiogenesis in endothelial cell grafts and after ischemic injury [20]. miR-212/132 frequently
act as a promoter of cell proliferation, and increases in their expression levels have also been suggested
as contributors to tumorigenesis in addition to their angiogenic role. miR-132 has previously been
shown to induce neovascularization in the endothelium by targeting p120 Ras GTPase-activating
protein [5]. In addition, anti-miR-132 has also been shown to reduce tumor burden in a mouse xenograft
model of human breast carcinoma [5].

This study supports the previously reported role of miR-212/132 in angiogenesis and expands upon
its role in the context of VHL-regulated hypoxia signaling. When VHL is mutated or downregulated,
miR-212/132 is consequently upregulated. miR-212/132 targeting of mRNA such as PTEN ensures that
downstream effectors are upregulated. For example, in the case of PTEN, PI3K may activate AKT,
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leading to an increase in proliferation. Indeed, cysts taken from VHL patients display hyperactivation
of PI3K signaling [21]. Due to technical reasons, we were not able to detect this increased AKT signaling
directly in our zebrafish model. In addition, Pten −/− Vhl −/− double mutant mice develop benign
squamous metaplasia and cystadenoma [21] and display kidney cysts that are very similar to those
taken from the kidneys of human VHL patients, while mouse models with Vhl mutations only do
not develop renal tumors [22]. Uncontrolled proliferation and angiogenesis are hallmarks of cancer,
and many tumors contain mutations leading to hyperactivation of signaling networks which act to
promote these processes [23–25]. Differential expression of miRNA has been previously reported in
tumors including ccRCC [26] and is widely believed to be an important player in tumorigenesis [27–29].
A group of miRs, termed hypoxamiRs, has been shown to be upregulated in hypoxia and play a
role in the modulation of cellular responses to a lack of oxygen. The hypoxamiRs include miR-21;
23; 24; 26; 103/107; 373; and, most well studied, miR-210. Hypoxia is also considered a hallmark
of the microenvironment of solid tumors, and a number of hypoxamiRs have been implicated in
tumorigenesis [30,31]. Thus, the action of miRNA may play an important role in tumorigenesis and
therefore presents an interesting potential target for the treatment of cancer.

One of the hallmarks of ccRCC is resistance to cytotoxic treatment. Antiapoptotic signaling is
upregulated after HIF1α hyper-stabilization in ccRCC tumors. Many experimental treatments focus on
inhibiting the action of downstream antiapoptosis proteins such as mammalian target of rapamycin
(mTOR), an important pro-survival protein induced by activated AKT signaling [32]. Our results
and the results of other studies suggest that miR-212/132 may act as a promoter of tumorigenesis by
targeting inhibitors of proliferation, survival, and angiogenesis, presenting an interesting opportunity
for pharmaceutical intervention. Currently, medications which target miRNA are largely unexplored
as an avenue by which to target cancer. Here, we have shown that antagonizing the activity of this
miRNA family can reduce angiogenesis in relevant models of VHL deficiency. PTEN, which we have
confirmed to be a target of the miR-212/132 family in these models, is frequently mutated in cancer.
Another miRNA, miRNA-21, has previously been shown to target PTEN in multiple cancer types and
has been implicated in tumorigenesis [33]. Loss of PTEN leads to upregulation of mTOR signaling,
and mTOR inhibitors have been used to treat multiple cancer types. Therefore, we envision that
treatments designed to antagonize the effect of miRNA-212/132 or other miRNA might be able to reduce
the angiogenic burden of tumors in patients, to reduce tumor resistance to other chemotherapeutic
agents, or to slow or halt tumor growth.

Conversely, treatments with miR-212/132 might also be a useful method to promote angiogenesis
and to increase neovascularization in the cases where neovascularization would be helpful, such as
certain ischemic tissues or newly transplanted engineered tissue constructs. In fact, ex vivo transfection
of mir-132 into endothelial cells has been shown to be beneficial for transplantation and vascularization
of transplanted endothelial cells [34]. Based on our results and the results of other studies, further
work is warranted in this area.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/4/1017/s1,
Figure S1: Upreguation of miR-132/212 improve neovascularization in WT Zebrafish.
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Abstract: Therapeutic neovascularization can facilitate blood flow recovery in patients with ischemic
cardiovascular disease, the leading cause of death worldwide. Neovascularization encompasses
both angiogenesis, the sprouting of new capillaries from existing vessels, and arteriogenesis, the
maturation of preexisting collateral arterioles into fully functional arteries. Both angiogenesis
and arteriogenesis are highly multifactorial processes that require a multifactorial regulator to be
stimulated simultaneously. MicroRNAs can regulate both angiogenesis and arteriogenesis due to
their ability to modulate expression of many genes simultaneously. Recent studies have revealed that
many microRNAs have variants with altered terminal sequences, known as isomiRs. Additionally,
endogenous microRNAs have been identified that carry biochemically modified nucleotides, revealing
a dynamic microRNA epitranscriptome. Both types of microRNA alterations were shown to be
dynamically regulated in response to ischemia and are able to influence neovascularization by affecting
the microRNA’s biogenesis, or even its silencing activity. Therefore, these novel regulatory layers
influence microRNA functioning and could provide new opportunities to stimulate neovascularization.
In this review we will highlight the formation and function of isomiRs and various forms of microRNA
modifications, and discuss recent findings that demonstrate that both isomiRs and microRNA
modifications directly affect neovascularization and vascular remodeling.

Keywords: microRNA; isomiRs; epitranscriptome; neovascularization; angiogenesis; arteriogenesis;
A-to-I editing; m6A; RNA modifications; RNA methylation

1. Introduction

Ischemic cardiovascular disease (CVD) is the leading cause of death in worldwide and was
responsible for approximately 17.8 million deaths in 2017 [1,2]. Additionally, it is estimated that current
standard therapies are unsuitable or insufficient for 30% of patients [3,4]. Therefore, there is a critical
need for new therapeutic treatments for ischemic CVD.

A potential strategy to treat patients with ischemia is to stimulate neovascularization, which is the
body’s natural repair mechanism to restore blood flow to ischemic tissues. Postnatal neovascularization
is comprised of angiogenesis, the sprouting of new capillaries from existing vessels, and arteriogenesis,
the maturation of preexisting collateral arterioles into fully functional arteries. Both angiogenesis and
arteriogenesis are highly multifactorial processes that involve multiple types of vascular and immune
cells. In order to improve neovascularization as a whole, therapeutic strategies which simultaneously
target both angiogenesis and arteriogenesis are needed [5,6].

During the last decade, microRNAs have emerged as multifactorial regulators of
neovascularization [7–9]. MicroRNAs are short non-coding RNAs of approximately 22 nucleotides that
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inhibit translation of messenger RNAs (mRNAs). A single microRNA can have hundreds of mRNAs
in its ‘targetome’, often regulating an entire network or pathway simultaneously [10]. MicroRNAs are
typically defined as one specific sequence of RNA nucleotides, however, recent studies have shown
that this ‘canonical’ microRNA sequence is often altered. These microRNA alterations can be grouped
into two types: (i) isomiRs, which are microRNAs with altered terminal sequences and (ii) biochemical
modifications of specific nucleotides within microRNAs, which collectively are referred to as the
microRNA epitranscriptome. Both types of microRNA variations appear actively regulated in response
to ischemia and can directly influence neovascularization associated processes, as we will discuss
below. The microRNA epitranscriptome unveils a whole new regulatory layer that could provide
novel therapeutic options for ischemic CVD. In this review we will first briefly introduce the processes
involved in angiogenesis and arteriogenesis, after which we will highlight various ways in which
a microRNA can be altered, and discuss recent findings which demonstrate that these microRNA
alterations can affect neovascularization associated processes.

2. Neovascularization—Angiogenesis and Arteriogenesis

After the occlusion of a large artery, blood flow to the downstream tissues is hampered, causing
ischemia. Blood flow towards the ischemic tissue can be restored by a process called arteriogenesis.
Arteriogenesis is the growth and maturation of collateral arteries from a pre-existing arteriole network,
which connects all major arteries in the body [5]. Arteriogenesis is triggered by an increase in shear
stress in the arterioles, which occurs after an arterial occlusion causes redirection of blood flow through
the arterioles. The increased shear stress causes endothelial cells (ECs) in the arteriole wall to express
adhesion molecules and secrete cytokines, leading to the attraction of circulating monocytes and other
immune cells [11–15]. These inflammatory cells produce and secrete proteases, growth factors, and
cytokines which enable remodeling of the vessel wall and stimulate migration and proliferation of
vascular ECs and smooth muscle cells (SMCs) [16–18]. This results in an increase in vessel diameter,
until fluid sheer stress decreases which halts the arteriogenic process. Finally, the vascular SMCs and
fibroblasts secrete matrix components to reconstitute the vessel wall [19,20].

The process of angiogenesis, on the other hand, is the sprouting of a new capillary from the existing
vasculature in order to redistribute local blood flow towards ischemic areas. Unlike arteriogenesis,
angiogenesis is driven by the hypoxia caused by ischemia, and revolves around resolving local ischemia
rather than restoring arterial blood flow after the occlusion of a vessel. Angiogenesis is initiated when
an angiogenic stimulus, produced by hypoxic cells, activates the vascular endothelial layer. Activated
ECs will start to proliferate and migrate towards the stimulus, such as vascular endothelial growth
factor (VEGF), resulting in a new capillary [21]. Next to ECs, other cell types are important regulators
of angiogenesis. Vascular SMCs, pericytes, fibroblasts and immune cells play key roles by supporting
and modulating EC function and secreting the proangiogenic stimuli to start the process [22–24].

Since both angiogenesis and arteriogenesis are highly multifactorial processes, the simultaneous
stimulation of both processes requires a multifactorial regulator, like microRNAs [7,8].

3. MicroRNAs

MicroRNAs are endogenous, small non-coding RNA molecules that inhibit translation of mRNAs.
The microRNA’s target selection is predominantly determined by the microRNA’s ‘seed sequence’,
nucleotides 2–8 at the 5′-end of a microRNA [25,26], which bind their target mRNAs via Watson–Crick
base-pairing. Due to this relatively small targeting sequence, a single microRNA’s ‘targetome’ can
consist of hundreds of mRNAs, enabling microRNAs to regulate multifactorial processes [10].

The biogenesis of microRNAs starts with the transcription of the microRNA containing gene,
yielding a primary microRNA (pri-miR) which then undergoes several steps of maturation to form the
mature and functional microRNA (Figure 1) [27]. First, the pri-miR is cleaved in the nucleus by Drosha
to generate a hairpin-shaped precursor microRNA (pre-miR) [28]. The pre-miR is then translocated to
the cytoplasm where a final cleavage is performed by Dicer, yielding a microRNA duplex [29]. Either
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side of the duplex can associate with Argonaute proteins and become a functional mature microRNA
after incorporation into the RNA-induced silencing complex (RISC) [30]. Mature microRNAs are
named after their side, 5′ or 3′, in the pri-miR hairpin (e.g., miR-#-5p or -3p).

Figure 1. MicroRNA biogenesis and alterations that induce isomiR formation or microRNA nucleotide
modifications. Transcription of the microRNA containing gene forms the primary microRNA (pri-miR).
Drosha cleaves the pri-miR to generate the precursor microRNA (pre-miR). The pre-miR cleaved by
Dicer in the cytoplasm yielding the microRNA duplex. Either side of the duplex can be incorporated
into the RNA-induced silencing complex (RISC) to become a functional mature microRNA. IsomiRs can
be formed during microRNA biogenesis when Drosha or Dicer cleave in alternative locations, or when
exonucleases or nucleotidyl transferases remove or add nucleotides to the 3′-end of the pre-miR or the
mature microRNA. RNA nucleotide modifications with known or potential functional implications on
microRNA biogenesis or functioning are shown in red with their ‘writers’ next to them.

MicroRNA biogenesis is strictly regulated, even at a microRNA-specific level, by numerous factors,
including DNA methylation, activity modulation of key maturation proteins and many RNA-binding
proteins [29,31–33]. As a result, microRNA expression is often highly tissue specific and is dynamically
regulated during key physiological processes, including the response to ischemia [29,34].

In 2007, the importance of microRNAs in neovascularization was demonstrated for the first time
when several studies showed that Dicer-dependent microRNAs were required for angiogenesis [35–37].
Since then, microRNAs have been shown to play a functional role in all processes involved in
neovascularization, including production and secretion of angiogenic stimuli, as well as EC, SMC,
fibroblast and immune cell proliferation, migration and activation, which have recently been reviewed
in references [8,38–40]. Several of these vasoactive microRNAs have also been well described to play
an important role in vascular remodeling during ischemic cardiovascular diseases [8,41].

For example, Bonauer et al. showed that miR-92a is highly expressed in human ECs and functions
as negative regulator of angiogenesis [42]. Inhibition of miR-92a increased angiogenesis in vivo and
improved blood flow recovery after hindlimb ischemia [42]. Furthermore, administration of miR-92a
inhibitors in porcine models for myocardial infarction demonstrated that miR-92 inhibition prevents
adverse infarct remodeling and ischemia/reperfusion injury [43,44]. Phase 1 trials aimed to improve
wound healing with a future potential clinical application towards heart failure treatment have recently
been completed for miR-92a inhibitor MRG 110 (NCT03603431) [45].
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Both miR-126-3p and -5p are also highly expressed in ECs where they promote angiogenesis by
stimulating EC proliferation and VEGF signaling and regulating leukocyte adhesion [46–49]. Inhibition
of miR-126-3p was shown to decrease recovery after myocardial infarction and hindlimb ischemia in
mice [47,50,51]. Furthermore, miR-126 levels are decreased in patients with ischemic coronary artery
disease [52]. Similarly, miR-10a also stimulates angiogenesis by promoting VEGF signaling in ECs and
regulating their inflammatory phenotype [53–57].

MiR-21-5p regulates proliferation and apoptosis of vascular wall smooth muscle cells [58,59]
and promotes fibrosis by stimulating fibroblast survival and growth factor secretion [60]. Preclinical
studies have shown that inhibition of miR-21-5p can prevent maladaptive vascular remodeling and
heart failure [59,60]. These findings suggest that the miR-21-5p inhibitor RG-012, which is currently
being tested in a phase 2 clinical trial to prevent kidney fibrosis in patients with Alport syndrome
(NCT02855268), could potentially be used for the treatment of CVD.

Additionally, it is noteworthy that several groups of genomically clustered microRNAs have been
identified that are able to broadly regulate neovascularization in response to ischemia: Knockout of the
miR-17/92 gene cluster (located on chromosome 14 in mice and on human chromosome 13) increased
both angiogenesis and arteriogenesis [61,62], while the inhibition of individual microRNAs from the
14q32 microRNA cluster (located on chromosome 12F1 in mice and on human chromosome 14) was
shown to independently stimulate both angiogenesis and arteriogenesis [9].

4. IsomiRs and the microRNA Epitranscriptome

Typically, microRNAs have been defined as a single sequence of RNA nucleotides, and are listed
as such in the principle public microRNA database, miRbase [63]. However, recent studies have shown
that this ‘canonical’ microRNA sequence can be altered. These microRNA alterations can be separated
into two types: isomiRs and RNA nucleotide modifications.

IsomiRs are microRNA sequence variants that have one or more nucleotides added or deleted at
their 5′- and/or 3′-ends compared to the canonical microRNA sequence.

RNA nucleotide modifications are biochemical modifications of the standard RNA nucleotides,
which are performed by enzymes present in all living organisms. Recent studies have demonstrated
that these RNA nucleotide modifications have a functional regulatory role and form what has been
named the ‘epitranscriptome’ [64]. While many different RNA nucleotide modifications exist, only a
few have been studied in the context of microRNAs: Adenosine-to-inosine editing (A-to-I editing) and
N6-adenosine methylation (m6A) and 2′-O-methylation (2′OMe).

Below, we will discuss those studies that demonstrate that isomiRs and microRNA A-to-I editing
and m6A can be actively regulated and play a directing role in neovascularization, as well as other
modifications (including 2′OMe) that are likely to have a similar role.

5. IsomiRs

5.1. IsomiRs

IsomiRs were discovered when microRNA sequencing studies observed that many microRNAs
had sequence variants with one or more nucleotides added or deleted from the 5′- and/or 3′-ends
compared to the ‘canonical’ microRNA sequence [65,66]. While initially dismissed as errors or artifacts,
isomiRs have since been shown to be functional microRNAs which actively associate with the RISC
complex and inhibit mRNA translation of their targets [67–70]. Furthermore, sequencing studies have
shown that isomiRs are widespread and represent approximately 50% of the microRNA transcripts
present in cells and tissue [71,72].

IsomiRs are primarily generated by cleavage variations of either DROSHA or DICER during
microRNA biogenesis (Figure 1) [68,73]. IsomiRs with altered 3′-end sequences, 3′-isomiRs, can also be
created by exonucleases which remove 3′ nucleotides, or by nucleotidyl transferases, which catalyze
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the addition of 3′ nucleotides. The number and type of isomiRs that arise from a single locus varies
per microRNA, but approximately 75% of microRNA loci give rise to at least one isomiR [74].

In general, 3′-isomiRs are more abundant than 5′-isomiRs, however, a number of microRNAs do
have prevalent 5′-isomiRs [75–78]. Since a microRNA’s 5′-end determines its seed sequence, 5′-isomiRs
have an altered targetome compared to the canonical microRNA sequence and are thus functionally
different (Figure 2) [67,79–81]. While 3′-isomiRs do not have an altered seed sequence, their 3′-end
variability has been associated with altered microRNA stability and turnover [82–86]. Furthermore,
recent findings have shown that changes in microRNA length due to 3′-end variation can affect
microRNA targeting strength and activity in specific cases [87,88]. Combined, these findings highlight
the importance to take isomiRs into account during microRNA research.

Figure 2. Different types of isomiRs, their mechanism of formation and their potential functional effects.
The sequence of miR-21 and some of its isomiRs are shown to exemplify the different isomiR types. In
each case, the seed sequence is underlined (red if altered) and red nucleotides are due to nucleotidyl
transferase activity. Relative to the canonical microRNA, 5′-isomiRs generally have an altered targetome
due to shift in seed sequence whereas 3′-isomiRs can affect the microRNAs stability or turnover. Both
types of isomiRs affect the length of the microRNA and can thus incur length-dependent effects.

5.2. IsomiRs in Neovascularization Associated Cells and Processes

Due to the prevalence of isomiRs, most microRNAs that are known regulators of neovascularization
have isomiRs. In fact, the microRNA loci with the most known isomiRs are miR-21-5p (Figure 2) and
miR-10a-5p, two microRNAs with well-established roles in vascular biology and neovascularization [53–
57], which have at least 40 isomiRs each [74]. MiR-21-5p isomiRs were found to be highly expressed in
endothelial cells, as well as, miR-126-5p and -3p and their isomiRs, which are also well-established
vasoactive microRNAs [8,89–91]. Combined, the miR-21-5p and miR-126 transcripts accounted for
almost 40% of the total endothelial microRNA transcripts detected, including at least two 5′-isomiRs
with physiologically relevant abundance [89,91]. One of these studies reported that approximately 55%
of the total microRNA transcripts detected in human umbilical vein endothelial cells (HUVECs) were
in fact isomiRs originating from 230 distinct microRNA loci [89]. For 33 of these microRNA loci, the
isomiR variant was the most abundant form, rather than the canonical sequence. Since isomiRs often
have altered stability and turnover [83–86], these abundant isomiRs could help regulate vasoactive
microRNA expression. Furthermore, abundant 5′-isomiRs are likely to be functionally important due
to their altered seed sequence and thus targetome.

IsomiR expression profiles can vary based on cell type and in response to biological stimuli,
including stimuli associated with neovascularization [75,76,78,92]. For example, Voellenke et al.
examined isomiR expression of normoxic and hypoxic human umbilical vein endothelial cells (HUVECs)
using deep sequencing [89]. While the study lacked the power to identify any statistically significant
patterns, the authors did observe that hypoxic conditions altered isomiR expression. Furthermore, Nejad
et al. demonstrated that treating fibroblasts with interferon-beta, a regulatory factor in both angiogenesis
and arteriogenesis [93–95], specifically decreased expression of the longer 3′-isomiRs from 13 microRNA
loci, while the shorter isomiRs were generally upregulated [96]. Among the regulated microRNAs was
miR-222-3p, which has been shown to regulate angiogenesis and inflammation-mediated vascular
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remodeling [97,98]. Interestingly, the longer 3′-isomiRs of miR-222-3p (>22 nt) were previously
found to increase apoptotic activity, whereas the shorter isomiRs did not, suggesting the altered
3′-isomiR profiles could also be functionally important [88]. However, the exact factors that mediate
the isomiR-specific regulation remain to be uncovered. It is likely that, similar to canonical microRNA
biogenesis, isomiR biogenesis is regulated by a multitude of factors, including factors which specifically
regulate individual isomiRs [29,31,68].

We have recently performed a focused study on the 5′-isomiR of miR-411-5p from the vasoactive
14q32 microRNA cluster in order to collect direct evidence that isomiRs are actively regulated during
ischemia-induced neovascularization [99]. We found that miR-411′s isomiR expression profile was
tissue-specific and that canonical miR-411-5p was less abundant than its 5′-isomiR in human vascular
ECs, fibroblasts and in whole human venous tissue. We discovered that the expression of the 5′-isomiR
is decreased relative to canonical miR-411-5p expression in response to acute ischemia, both in cells and
in a murine model for effective neovascularization after ischemia [99]. Strikingly, the relative 5′-isomiR
expression was upregulated instead in ischemic veins from patients with critical limb ischemia due to
peripheral artery disease (PAD). We demonstrated that the 5′-isomiR has a different targetome than
the canonical miR-411-5p and inhibits translation of, among others, the pro-angiogenic Angiopoietin-1.
Finally, we showed that the 5′-isomiR decreases vascular cell migration while the canonical miR-411-5p
does not [99]. Combined these data show that isomiR formation is indeed a functional pathway, which
is actively regulated during ischemia, with direct implications for neovascularization.

Table 1 presents a summary of the key studies that demonstrate the prevalence and importance
of isomiRs.

Table 1. Key studies demonstrating the prevalence and importance of isomiRs.

Topic Key Findings References

Prevalence of isomiRs
• Generally, isomiRs represent ~50% of microRNA transcripts in

cells and tissues (~55% in HUVECs)
[71,72,89,91]

• ~75% of microRNA loci can produce at least 1 isomiR [74]

Potential functional effect of
isomiRs

• 5′-isomiRs have altered targetome due to a shifted seed sequence
compared to the cannonical microRNA

[67,79–81,99]

• 3′-isomiRs can have altered microRNA stability and turnover [82–86]

• isomiRs with different length can have altered targeting strength
and activity

[87,88]

Abundant vasoactive
microRNAs with isomiRs

• miR-21-5p (at least 43 potential isomiRs, also in HUVECs) [74,89,91]

• miR-10a-5p (at least 41 isomiRs) [74]

• miR-126 (highly abundant in HUVECs together with miR-21-5p
and its isomiRs)

[89,91]

• miR-222-3p (has functionally different 3′-isomiRs) [88,96]

• miR-411-5p (5′-isomiR has altered functionality and
anti-angiogenic properties)

[99]

Regulation of isomiRs

• IsomiR expression profiles can vary based on cell type and in
response to biological stimuli

[75,76,78,92]

• Hypoxic HUVECs display altered isomiR expression [89]

• Independent regulation of miR-411-5p and its 5′-isomiR in
response to ischemia

[99]

HUVECs: human umbilical vein endothelial cells.

6. Adenosine-to-Inosine Editing

6.1. Adenosine-to-Inosine Editing

A-to-I editing is the biochemical modification of adenosines into inosines by deamination.
Unlike adenosine, inosine preferentially binds to cytidine and is therefore generally interpreted
as guanosine by the cellular machinery [100]. This form of RNA editing can have a number of
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consequences on RNA functioning, ranging from destabilizing the RNA molecules’ secondary structure
to altering a protein amino acid sequence due to editing of the mRNA’s coding sequence [101–103].
In mammals, A-to-I editing accounts for more than 90% of all RNA editing events and is catalyzed
by either ADAR1 or ADAR2 (adenosine deaminase acting on RNA 1 or 2), which are expressed
throughout the body [104–106]. The removal of the editing activity of either ADAR1 or ADAR2 in
mice leads to premature lethality, demonstrating that A-to-I editing is of vital importance [107–109].
However, the precise regulatory mechanisms governing this critical cellular process have yet to be
fully elucidated [110]. Changes to ADAR levels or its activity were shown to affect global editing, but
these observations do not always correlate well with frequencies of individual editing events [111,112].
Therefore, it is evident that additional regulatory mechanisms exist that modulate A-to-I editing in a
site-specific manner.

ADARs specifically target double stranded RNA structures, including those found in pri-miRs
(Figure 1). The editing of a pri-miR can profoundly influence microRNA maturation, resulting in
changes in mature microRNA expression [113–115]. However, when editing alters the microRNA’s
seed sequence, this can completely change the mature microRNA’s target selection, resulting in the
regulation of a different targetome [116].

6.2. MicroRNA A-to-I Editing in Neovascularization

MicroRNA editing is a widespread phenomenon which also affects many vasoactive microRNAs,
as demonstrated recently in a study by Li et al. The authors mapped microRNA A-to-I editing at an
unprecedented scale and found 2711 potential pri-miR editing sites within approximately 80% of all
human pri-miRs [117]. MicroRNA editing profiles were also found to be tissue-specific, which is in
agreement with previous findings [113,115,118]. Furthermore, 367 potential editing sites were found
within human mature microRNAs, often located in the seed sequence [117].

In the field of cancer research, several microRNA editing events were shown to have a functional
effect on cell migration and/or proliferation [119–121], which are also crucial processes in both
angiogenesis and arteriogenesis [20,21]. For example, seed sequence editing of miR-455-5p was
shown to alter its targetome, causing edited miR-455-5p to decrease tumor cell proliferation and
migration, while the unedited version had the opposite effect [122]. Furthermore, editing of the seed
sequence of miR-200b enhanced tumor cell proliferation and migration, in contrast to the unedited
version [120]. Interestingly, higher miR-200b editing levels were associated with a poorer prognosis
in cancer patients, highlighting the possibility that microRNA editing can be clinically relevant as a
biomarker or therapeutic target.

We have recently demonstrated that microRNA-editing can also directly regulate
neovascularization. We showed that A-to-I-editing of miR-487b-3p, another microRNA from
the vasoactive 14q32 microRNA cluster, is increased in ischemic muscle tissues undergoing
neovascularization after induction of hindlimb ischemia [123]. MiR-487b-3p editing was also found
in all human vascular ECs, SMCs, and fibroblasts. The edited mature miR-487b-3p has a unique
targetome and promotes angiogenesis, in contrast to the canonical miR-487b-3p [123]. In a follow-up
study, we demonstrate that vasoactive microRNA editing is a widespread phenomenon that enhances
neovascularization in response to ischemia (manuscript submitted).

7. N6-Adenosine Methylation

7.1. N6-Adenosine Methylation

The modification of adenosine to N6-methyladenosine (m6A) is perhaps the most prevalent
RNA nucleotide modification in eukaryotic cells and is present in more than 25% of human
transcripts [124,125]. m6A is installed by the methyltransferase complex containing ‘writer’ METTL3
(Methyltransferase Like 3) and RNA-binding platform METTL14 [126], supported by cofactors WTAP
(Wilms’ tumor 1-associating protein) and KIAA1429 [127,128]. Strikingly, m6A levels are dynamically
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regulated throughout all stages of life, with the help of m6A demethylases, or ‘erasers’, FTO (fat mass
and obesity-associated protein), and ALKBH5 (alkB homolog 5) [129,130]. m6A methylation has been
shown to affect almost every aspect of RNA metabolism, from expression and processing in the nucleus
to translation and degradation in the cytoplasm [131–133]. The importance of its functions is illustrated
by studies that demonstrate that individual knockout of either METTL3, METTL14 or WTAP causes
prenatal lethality in mice [134–136]. While m6A can alter RNA folding and structure [137,138], most of
m6A’s biological functions are mediated through a group of ‘reader’ proteins that specifically recognize
the methylated adenosine on RNA, including the YTHD (YT521-B homology domain) and the IGF2BP
(insulin-like growth factor-2 mRNA-binding protein) families [127,139–141].

While most m6A research has focused predominantly on mRNAs, several studies have
demonstrated that m6A is important for microRNA biogenesis. Alarcon et al. demonstrated that
pri-miRs are marked by the METTL3-dependent m6A (Figure 1). Pri-miR m6A marks are read by
m6A-binding protein hnRNPA2B1 that, in turn, stimulates initiation of DICER-mediated processing
through recruitment of DICER’s cofactor DGCR8 [142,143]. Intriguingly, a study by Berulava et al.
demonstrated that well over 200 mature microRNAs contain m6A in a human embryonic kidney cell
line (HEK293). While m6A does not affect canonical base pairing, several studies have suggested that
it may block the noncanonical A:G base pairing, which could affect mRNA-microRNA interaction
strength [138,144]. This is supported by a recent study that found that an m6A modified miR-200c-3p
resulted in significantly less suppression of its target genes than unmethylated miR-200c-3p [145].
Furthermore, recent studies also suggest that m6A of mRNAs can influence their ‘targetability’ by
microRNAs by promoting or preventing the binding of certain RNA-binding proteins that block
microRNA-mediated transcript destabilization [141,146].

7.2. Importance of m6A in the Cardio-Vasculature and in Vasoactive MicroRNAs

Two recent studies have demonstrated the importance of m6A in cardiovascular homeostasis.
Dorn et al. demonstrates that METTL3-dependant m6A helps modulate cardiac homeostasis and
hypertrophic stress responses in mice [147]. The overexpression of METTL3 was shown to cause
spontaneous hypertrophy, whereas METTL3 knockdown leads to maladaptive remodeling and signs
of heart failure. Mathiyalagan et al. demonstrated that m6A is increased in failing mammalian hearts
and in hypoxic cardiomyocytes [148]. Furthermore, increasing the expression of m6A eraser FTO
in ischemic mouse hearts attenuates the ischemia-induced increase in m6A and decrease in cardiac
contractile function. These findings highlight a key role for m6A in ischemic cardiovascular disease.

Pri-miR m6A marks were shown to be required for the appropriate processing of most pri-miRs to
mature miRNAs, including vasoactive microRNAs [142,143]. Furthermore, m6A of the above mentioned
vasoactive miR-126 and miR-222 was shown to affect cell migration and/or proliferation in cancer
cells. A study by Ma et al., demonstrated that the pri-miR of miR-126 undergoes METTL14-dependent
m6A, which facilitates its processing to mature miR-126 [149]. Decreased METTL14-dependent m6A
of pri-miR-126 led to the reduced expression of miR-126, which in turn increased cancer cell migration
and invasion [149]. Han et al. showed that METTL3-dependant m6A of pri-miR-222 increases its
maturation to mature miR-222, resulting in the reduction of PTEN, and ultimately leading to the
proliferation of bladder cancer [150]. Furthermore, METTL3 was increased in bladder cancer and
correlated with poor patient prognosis [150].

Combined, the abundance of m6A, its importance in microRNA biogenesis and functioning, and
the dysregulation of m6A during ischemia and cardiovascular disease, suggest that m6A of microRNAs
could play an important role in ischemic cardiovascular disease and neovascularization.

8. Other Modifications in the microRNA Epitranscriptome

As mentioned above, numerous other RNA nucleotide modifications exist, however, their presence
and function in small RNAs (16–28 nucleotides long), which consist mostly of microRNAs [151],
remains understudied [152]. An important reason for this is that conventional methods to detect RNA
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modifications are often unsuitable for small RNAs [152,153]. Recently, Lan et al. optimized a screening
based on mass spectrometry which allowed them to provide the first overview of RNA nucleotide
modifications in mammalian small RNAs using human HEK293T cells [154]. Besides inosine and
m6A, 22 additional distinct nucleotide modifications were found, 13 of which consisted of different
types or combinations of RNA methylations [154]. While little is known about the effect of these RNA
nucleotide modifications on the functioning of small RNA, and thus microRNA, several have been
studied in other RNA types.

Below, we will report the key findings of these studied RNA modifications and highlight
which properties could potentially affect microRNA function. Furthermore, the discussed nucleotide
modifications and their potential effects on microRNAs are summarized in Table 2.

Table 2. Known or postulated effects of nucleotide modification within microRNAs.

Nucleotide
Modification

Abbreviation Writers Erasers Potential Effects on microRNAs

Adenosine-to-inosine
editing A-to-I editing ADAR1 or ADAR2 -

• pri-miR editing can profoundly
influence maturation

• seed sequence editing can
alter targetome

N6-methyl-adenosine m6A METTL3/14 ALKBH5 FTO

• regulates pri-miR processing
• hampered nonstandard A:G base

pairing may affect silencing activity

Pseudouridine Ψ PUSs -
• stronger base pairing with

adenosine might affect silencing
activity *

2′-O-methyl-nucleosides 2′OMe Methyl-transferases -

• may protect from A-to-I editing *
• may affect stability and turnover *
• enhanced RNA-RNA duplex

stability might affect silencing
activity *

N1-methyl-adenosine m1A TRMT6 & 61 ALKBH3

• positive charge can dramatically
alter interactions with proteins *

• disrupts RNA base pairing which
can affect silencing activity *

N5-methyl-cytosine m5C NSUNs DNMT2 - • may enhance stability *

N2-methyl-guanosine m2G unclear -
• allows noncanonical base pairing

which may affect silencing activity *

* effects are postulated effects based on observations in other RNA types.

8.1. Pseudouridine (Ψ )

Pseudouridine (Ψ) is one of the most abundant RNA modifications [155,156]. Ψ is highly
conserved and is generated from isomerization of uridine, catalyzed by pseudouridine synthases
(PUSs) [155,156]. Recent advances in high-resolution detection methods have demonstrated that
Ψ-nucleotides are found in many, if not all, species of RNA [156,157]. Pseudouridylation was shown to
be important for ribosomal RNA biogenesis, pre-mRNA splicing, and translation fidelity [155,156].
Compared to a uracil, Ψ forms a stronger base pairing interaction with adenosine, which allows it to
alter RNA secondary structures, suggesting that microRNA pseudouridylation could affect mRNA
silencing [158,159]. Furthermore, transcriptome wide pseudouridylation was shown to increase under
stress conditions, including serum deprivation, a key component of ischemia [160].
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8.2. 2′-O-Methylnucleosides

It is known that 2′-O-methylation (2′OMe) can reside on all four ribonucleosides and is widely
conserved [161,162]. Furthermore, 2′OMe is performed by methyltransferases like Fibrillarin and
many, if not all, 2′OMe-events are directed by small nucleolar RNAs [64,163,164]. 2′OMe appears
essential in processing ribosomal RNAs, small nuclear RNAs, and transfer RNAs, but it has also been
found in mRNAs and even in microRNAs, by our group among others [123,161,165]. While the precise
location and function of 2′OMe sites in many RNA types are currently unclear, 2′OMe in general has a
stabilizing effect and can influence interactions with proteins or other RNAs [161,162]. 2′OMe may in
fact protect adenosine residues from A-to-I editing [165–167]. Interestingly, we found that both 2′OMe
and A-to-I editing of the same adenosine residue in pri-miR-487b are increased simultaneously under
ischemia [123]. However, further studies are required to examine whether both RNA modifications
can be found on a single copy of miR-487b-3p. Finally, 2′OMe also greatly enhances the stability of
RNA-RNA duplexes, a quality that is often utilized to enhance the stability and specificity of synthetic
antisense RNA-oligonucleotides, with similar implications for 2′OMe of microRNAs [168–171].

8.3. N1-Methyladenosine (m1A)

Recent methodological advances have demonstrated that m1A is a transcriptome-wide
modification [172,173]. Several members of the TRMT family (tRNA methyltransferase family)
have already been shown to be m1A writers and additional writers are thought to exist [172–174].
Similar to m6A, m1A is reversible and can be demethylated by erasers ALKBH1 and 3 (alkB homolog
1 and 3) [173,175]. Furthermore, m1A levels are dynamically regulated by various types of cellular
stress and correlate with upregulation of translation in general [172,173]. This modification carries a
positive charge and can therefore alter both protein–RNA interactions and RNA secondary structures
dramatically [131], which can potentially lead to disruption of microRNA biogenesis [29]. Furthermore,
m1A appears to disrupts RNA base-pairing and induces local RNA duplex melting, suggesting that
m1A may also affect microRNA-target interactions [132,176].

8.4. N5-Methylcytosine (m5C)

While best known as a DNA modification in the epigenome, m5C can be installed on RNAs too by
members from the NSUN family (nucleolar protein/sun RNA methyltransferase family) and by DNMT2
(DNA methyltransferase-2) and is therefore also part of the epitranscriptome [177–181]. m5C has been
found in both noncoding and coding RNAs in mammals and a few studies have shown that m5C has
functional implications [177,182,183]. For example, m5C of tRNAs was shown to protect tRNAs against
stress-induced cleavage [180,184,185]. Furthermore, the depletion of m5C methyltransferase Nsun7 in
mice resulted in a concomitant decrease of expression of specific non-coding RNAs, suggesting m5C
marks can enhance RNA stability [186].

8.5. N2-Methylguanosine (m2G)

In tRNAs and rRNAs, m2G is a relatively common RNA modification, however, which m2G
writers are responsible in humans remains unclear [187,188]. Interestingly, the study by Lan et al.
demonstrated that m2G is also relatively common in small RNAs [154]. Our knowledge about this
RNA modification is still very limited due to a lack of high-throughput detection methods [188,189].
However, studies have shown that m2G can form both canonical and non-canonical Watson–Crick base
pairing interactions, allowing m2G to regulate the stability of tRNA tertiary structures and potentially
influence microRNA silencing activity [188,190].

9. Dynamic Regulation of the Epitranscriptome

The epitranscriptome is dynamically regulated. This is abundantly clear for m6A modifications
due to the discovery of both m6A writers and erasers [147,148]. Not all modifications may be reversible
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like m6A, but most, if not all, other modifications do appear to be regulated. Several studies have
shown that RNA alterations are modulated under stress and pathological conditions [64,191,192]. For
example, the deposition and distribution of m6A were increased in response to heat shock and DNA
damage [193–195]. Total transcriptomic pseudourydilation increased in response to heat shock, nutrient
deprivation, and serum deprivation [157,160]. Further, m1A levels in mammalian cells also increased
in response to heat shock, but decreased after nutrient starvation [172]. Furthermore, cellular m5C
levels are decreased in response external stress and cytotoxic stress which affects protein translation
rates [196,197]. Additionally, the expression of methyltransferase Fibrillarin is increased in many
cancers to facilitate additional 2′OMe of ribosomal RNAs [162,198,199], while mRNA A-to-I editing is
induced by both hypoxia and inflammation [200]. Importantly, we have shown that both A-to-I editing
and 2′OMe also increase in microRNAs during ischemia [123,201]. These findings suggest that the
microRNA epitranscriptome is likely to also be dynamically regulated and functional in pathological
conditions, and could provide novel targets for therapeutic intervention.

Several studies have also indicated that certain RNA nucleotide modifications regulate each other.
As mentioned previously, 2′OMe was found to protect adenosine residues from A-to-I editing [165–167].
A different study demonstrated that replacing an adenosine which can be A-to-I edited by m6A also
prevents editing almost completely in an in vitro assay [202]. Furthermore, it was recently demonstrated
that transcript m6A levels are negatively correlated with the A-to-I editing levels of the transcript,
even when they are not competing for the same nucleotide [203]. The depletion of m6A resulted in
upregulated A-to-I editing on the m6A-depleted transcripts, confirming a transcriptome wide interplay
between m6A and A-to-I editing [203]. These findings highlight the complexity of the epitranscriptome
and the importance of studying multiple RNA modifications simultaneously in order to examine
known interactions and to identify novel interactions.

10. Concluding Remarks

During the past decade, both isomiRs and the epitranscriptome have emerged as novel and
dynamic layers of regulation of gene expression. Both types of microRNA alterations have been shown
to modulate key physiological responses, including neovascularization by affecting the microRNA’s
biogenesis, stability and function. MicroRNAs have already been established as multifactorial regulators
of both angiogenesis and arteriogenesis [7–9], and therefore this additional regulatory layer may
provide new options for therapeutic neovascularization. The therapeutic potential of both isomiRs and
the microRNA epitranscriptome is highlighted by the findings that 5′-isomiR formation of miR-411-5p
and A-to-I editing of miR-487b-3p are actively regulated in response to ischemia in vivo, resulting in
novel microRNAs with anti- or pro-angiogenic properties, respectively [99,123]. Therefore, altered
microRNAs could provide novel targets for therapeutic inhibition or overexpression to stimulate
neovascularization after ischemic CVD.

The first therapeutic small RNA (Patisiran) was granted FDA approval in 2018 and the first phase
2 clinical trials with microRNA-oriented RNA therapeutics are currently ongoing, highlighting that
microRNA therapeutics are on their way to clinical practice [45]. Over the last decade, important
advances have been made in development of microRNA therapeutics, however, several key issues
remain, which have been expertly reviewed in the studies by Lucas et al. and Rupaimoole et al. [41,204].
These issues include maximizing the effect of the therapeutics’ effect on the diseased tissue, while
minimizing the off-target binding and toxicity. Now that the prevalence and functionality of microRNA
alterations are becoming clear, further research is warranted to understand which altered microRNAs
could pose off-target risks during design and development of microRNA-based therapeutics. However,
uncovering the intricate mechanisms which govern regulation of microRNA alterations could also
reveal novel therapeutic targets to modulate microRNA functioning.

Alternatively, tissue- and pathology-specific regulation of the microRNA alterations could
potentially be used as a biomarker for cardiovascular disease, considering that isomiR expression
profiles were found sufficient to distinguish between cancer subtypes [205].
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Finally, while the abundance and function of many nucleotide modifications have not been studied
in microRNAs yet, it is likely that most, if not all, will prove clinically relevant. The unique properties
of certain nucleotide modifications, like for example m6A, could be exploited to enhance the specificity
of microRNA-therapeutics when targeting microRNAs carrying such modifications. It is important to
note that further advances in technology and methodology are required to expand our knowledge of
the microRNA epitranscriptome [154,206]. However, given the surge of interest in this field, we expect
many more clinically relevant microRNA alteration events to be discovered in the near future.
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Abstract: Unstable atherosclerotic plaques frequently show plaque angiogenesis which increases the
chance of rupture and thrombus formation leading to infarctions. Hypoxia plays a role in angiogenesis
and inflammation, two processes involved in the pathogenesis of atherosclerosis. We aim to study the
effect of resolution of hypoxia using carbogen gas (95% O2, 5% CO2) on the remodeling of vein graft
accelerated atherosclerotic lesions in ApoE3*Leiden mice which harbor plaque angiogenesis. Single
treatment resulted in a drastic decrease of intraplaque hypoxia, without affecting plaque composition.
Daily treatment for three weeks resulted in 34.5% increase in vein graft patency and increased lumen
size. However, after three weeks intraplaque hypoxia was comparable to the controls, as were the
number of neovessels and the degree of intraplaque hemorrhage. To our surprise we found that three
weeks of treatment triggered ROS accumulation and subsequent Hif1a induction, paralleled with a
reduction in the macrophage content, pointing to an increase in lesion stability. Similar to what we
observed in vivo, in vitro induction of ROS in bone marrow derived macrophages lead to increased
Hif1a expression and extensive DNA damage and apoptosis. Our study demonstrates that carbogen
treatment did improve vein graft patency and plaque stability and reduced intraplaque macrophage
accumulation via ROS mediated DNA damage and apoptosis but failed to have long term effects on
hypoxia and intraplaque angiogenesis.

Keywords: hyperoxygenation; vein graft disease; atherosclerosis; macrophages; vascular biology

1. Introduction

The (in)stability of atherosclerotic plaques determines the incidence of major cardiovascular events
such as myocardial infarction and stroke [1]. Lack of oxygen within the plaque, or intraplaque hypoxia,
has been identified as one of the major contributors to plaque instability [2,3]. It has been detected in
advanced human atherosclerotic lesions [4] as well as in murine atherosclerotic lesions [5,6].

The intraplaque lack of oxygen is provoked by progressive thickening of the neointimal layer [7]
and overconsumption of O2 by plaque inflammatory cells [4]. The key regulator of hypoxia is the
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transcription factor Hif1a [8]. Low oxygen levels, or hypoxia, prevents degradation of Hif1a, promoting
its dimerization with the Hif1b subunit. This complex activates the transcription of multiple genes,
the most important being Vegfa, that triggers the formation of neovessels in the plaque. Intraplaque
neovessels are often immature and therefore leaky, leading to intraplaque hemorrhage, a phenomenon
characterized by extravasation of inflammatory cells and red blood cells inside the plaque. Hypoxia
also upregulates the expression of transcription factors that cause vascular calcification in vascular
smooth muscle cells [9], a characteristic feature of atherosclerosis. Both intraplaque neovessels and
vascular calcification are regulated by hypoxia [9] and contribute to plaque instability. The combination
of those processes results in a larger plaque which is more unstable and prone to rupture [10,11]. Hif1a
was shown to be present in macrophage-rich and foam cell-rich areas and its expression in macrophages
was correlated with accelerated atherosclerosis development in LDLR-/- mice [12]. Moreover, it has
been shown that hypoxia can influence gene expression in macrophages, leading to an inflammatory
response with increased production of pro-inflammatory cytokines [13,14].

Thus, the reoxygenation of the atherosclerotic plaque would be expected to prevent intraplaque
hypoxia and atherosclerotic plaque progression. Previously, Marsch et al. showed that plaque
reoxygenation in LDLR-/- mice via breathing of the hyperoxic gas carbogen, composed of 95% O2 and
5% CO2, prevented necrotic core expansion by enhancing efferocytosis [15]. The response of intraplaque
angiogenesis to reoxygenation could not be studied in this model, as intraplaque angiogenesis is
virtually nonexistent in plaques of LDLR-/- mice. To examine the effect of carbogen treatment on
intraplaque angiogenesis we used vein grafts in hypercholesterolemic ApoE3*Leiden mice that do
harbor extensive intraplaque angiogenesis, and have been shown to be morphologically similar to
rupture-prone plaques in humans. The lesions in this model have the typical characteristics of late
stage atherosclerosis, including the presence of foam cells, intraplaque neovascularization, calcification
and cholesterol clefts [16] and eventually also occlusion of the graft.

We hypothesized that carbogen gas exposure would reduce hypoxia in vein grafts in the ApoE3*
Leiden mice and consequently would reduce intraplaque angiogenesis and increase lesion stability.
Thus, we used this model to study plaque reoxygenation and its effect on vein graft remodeling,
intraplaque neovascularization, inflammation and vein graft patency. Moreover, since prolonged
hyperoxia has the risk of introducing reactive oxygen species [17], we investigated the effect of reactive
oxygen species in vitro on bone marrow derived macrophages and in vivo in the atherosclerotic lesions
and their effect on the plaque environment.

2. Materials and Methods

2.1. Mice

This study was performed in compliance with Dutch government guidelines and the Directive
2010/63/EU of the European Parliament. All animal experiments were approved by the animal welfare
committee of the Leiden University Medical Center. Male ApoE3*Leiden mice, crossbred in our own
colony on a C57BL/background, 8 to 16 weeks old, were fed a diet containing 15% cacao butter, 1%
cholesterol and 0.5% cholate (100193, Triple A Trading, Tiel, The Netherlands) for three weeks prior to
surgery until sacrifice.

2.2. Vein Graft Surgery

Vein graft surgery was performed by donor mice caval vein interpositioning in the carotid artery
of recipient mice as previously described [5,18]. Briefly, thoracic caval veins from donor mice were
harvested. In recipient mice, the right carotid artery was dissected and cut in the middle. The
artery was everted around the cuffs that were placed at both ends of the artery and ligated with
8.0 sutures. The caval vein was sleeved over the two cuffs, and ligated. On the day of surgery and
on the day of sacrifice mice were anesthetized with midazolam (5 mg/kg, Roche Diagnostics, Basel,
Switzerland), medetomidine (0.5 mg/kg, Orion, Espoo, Finland) and fentanyl (0.05 mg/kg, Janssen
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Pharmaceutical Beerse, Belgium). The adequacy of the anesthesia was monitored by keeping track
of the breathing frequency and the response to toe pinching of the mice. After surgery, mice were
antagonized with atipamezol (2.5 mg/kg, Orion Espoo, Finland) and fluminasenil (0.5 mg/kg, Fresenius
Kabi, Bad Homburg vor der Ho¨he, Germany). Buprenorphine (0.1 mg/kg, MSD Animal Health,
Keniworth, NJ, USA) was given after surgery to relieve pain.

2.3. Carbogen Treatment

Acute reoxygenation was investigate in ApoE3*Leiden mice on day 28 after vein graft surgery.
Mice were randomized in two groups, a control group (n = 13) and a carbogen treated group (n = 12)
and exposed for 90 min to air (21% O2) or carbogen gas (95% O2, 5% CO2) respectively. Halfway during
the treatment, the mice received intraperitoneal injection of hypoxia specific marker pimonidazole
(100 mg/kg, hypoxyprobe Omni kit, Hypoxyprobe Inc., Burlington, MA, USA) and anesthesia. Directly
after the end of the treatment, mice were sacrificed after 5 min of in vivo perfusion-fixation under
anesthesia. Vein grafts were harvested, fixated in 4% formaldehyde, dehydrated and paraffin-embedded
for histology.

Chronic reoxygenation was investigated in ApoE3*Leiden mice starting on day 7 after vein
graft surgery. The decision for this timepoint was based on our previous finding that intraplaque
angiogenesis is detectable in ApoE3*Leiden mice starting from day 14 after vein graft surgery [5].
Mice were randomized based on their plasma cholesterol levels (Roche Diagnostics, kit 1489437,
Basel, Switzerland) and body weight in two groups, a control group (n = 16) and a carbogen
treated group (n = 16) and exposed daily for 90 min to air (21% O2) or carbogen (95% O2, 5% CO2)
respectively, until the day of sacrifice. On day 28 after surgery, mice received the last treatment and
halfway during this last treatment they received intraperitoneal injection of hypoxia specific marker
pimonidazole (100 mg/kg, hypoxyprobe Omni kit, Hypoxyprobe Inc., Burlington, MA, USA) and
anesthesia. Immediately after the end of the treatment, mice were sacrificed as previously described
for the acute reoxygenation experiment.

2.4. Histological and Immunohistochemical Assessment of Vein Grafts

Vein graft samples were embedded in paraffin, and sequential cross-sections (5 μm thick) were
made throughout the embedded vein grafts. To quantify the vein graft thickening (vessel wall area),
MOVAT pentachrome staining was performed. Total size of the vein graft and lumen were measured.
Thickening of the vessel wall (measured as intimal thickening + media thickening) was defined as
the area between lumen and adventitia and determined by subtracting the luminal area from the
total vessel area. The optimal lumen area was calculated by converting the luminal circumference,
measured as the luminal perimeter, into luminal area.

Intraplaque angiogenesis was measured as the amount of CD31+ vessels in the vessel wall area and
intraplaque hemorrhage (IPH) was monitored by the amount of erythrocytes outside the (neo)vessels
and scored as either not present, low, moderate or high.

Antibodies directed at alpha smooth muscle cell actin (αSMActin, Sigma, Santa Clara, CA, USA),
Mac-3 (BD Pharmingen, Franklin Lakes, NJ, USA), Pimonidazole (mouse IgG1 monoclonal antibody,
clone 4.3.11.3, Hypoxyprobe Inc., Burlington, MA, USA), 8OHdG (bs-1278R, Bioss antibodies, Woburn,
MA, USA), CD31 (sc-1506-r, Santa Cruz, Dallas, TX, USA), Ter119 (116202, Biolegend, San Diego, CA,
USA), Ki67 (ab16667, Abcam, Cambridge, UK) and cleaved caspase 3 (9661-S, Cell SignalingDanvers,
MA, USA) were used for immunohistochemical staining. Sirius red staining (80115, Klinipath,
Amsterdam, The Netherlands) was performed to quantify the amount of collagen present in the vein
grafts. The immuno-positive areas are expressed as a total area or percentage of the lesion area. Stained
slides were photographed using microscope photography software (Axiovision, Carl Zeiss Microscopy,
White Plains, NY, USA) or Ultrafast Digital Pathology Slide Scanner and associated software (Philips,
Cambridge, MA, USA) and image analysis softwares were used to quantify the vein graft intimal
hyperplasia and composition (Qwin, Leica, Wetzlar, Germany and Imagej, Bethesda, MD, USA).
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2.5. RNA Isolation, cDNA Synthesis and qPCR

Total RNA was isolated from 10 (20 μm thick) paraffin sections (at least n = 6/group) following
the manufacture’s protocol (FFPE RNA isolation kit, Qiagen, Venlo, the Netherlands). cDNA was
synthesized using the Superscript IV VILO kit according to the manufacture’s protocol (TermoFisher,
Waltham, MA, USA).

Commercially available TaqMan gene expression assays for the housekeeping gene hypoxanthine
phosphoribosyl transferase (Hprt) (Mm01545399_m1), and selected genes were used (Applied
Biosystems, Foster City, CA, USA); Vegfa (Mm03015193_m1), Hif1a (Mm00468869_m1), Cxcl12
(Mm00445553_m1), Epas1 (Mm01236112_m1), Il6 (Mm00446190_m1), Tnf (Mm00443258_m1) and Ccl2
(Mm00441242_m1). Q-PCRs were performed on the ABI 7500 Fast system (Applied Biosystems). The
2-ΔΔCt method was used to analyze the relative changes in gene expression.

2.6. Bone Marrow Derived Macrophages Isolation and In Vitro Experiments

Monocytes were isolated from bone marrow of tibias and femurs of male ApoE3*Leiden mice
(n = 4) and cultured in RPMI 1640 medium (52400-025, ThermoFisher, GIBCO, Waltham, MA, USA,)
supplemented with 25% heat inactivated fetal calf serum (Gibco® by Life Technologies), 100 U/mL
Penicillin/Streptomycin (ThermoFisher, GIBCO, Waltham, MA, USA ) and 0.1 mg/mL macrophage
colony-stimulating factor (, 14-8983-80, ThermoFisher, E-Bioscience Waltham, MA, USA). After eight
days the derived macrophages were seeded in a 12 wells plate for RNA isolation and in a chamber
slide for immunocytochemistry (ICC) (NUNC LAB-TEK II, 154534, ThermoFisher, Waltham, MA,
USA). 24 h later, when BMM were fully attached, BMM were stimulated with either 200 or 400 μm
tert-butylhydroperoxide, t-BHP, (Luperox, 458139, Sigma Aldrich, St. Louis, Missouri, USA) as a ROS
mimic for 6 h.

RNA was isolated according to standard protocol using TRIzol® (Ambion®,

ThermoFisher,Waltham, MA, USA ) after which sample concentration and purity were examined
by nanodrop (Nanodrop Technologies, ThermoFisher, Waltham, MA, USA). Complementary DNA
(cDNA) was prepared using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
ThermoFisher, Waltham, MA, USA) according to manufacturer’s protocol. For qPCR, commercially
available TaqMan gene expression assays for the selected genes were used as explained above.

For ICC cells were fixated in 4% formaldehyde and antibodies directed at Mac-3 (BD Pharmingen,
Franklin Lakes, NJ, USA), 8OHdG (bs-1278R, Bioss antibodies, Woburn, MA, USA) and cleaved caspase
3 (9661-S, Cell Signaling, Danvers, MA, USA) were used for immunocytochemical staining. Tile-scans
of stained slides were photographed using a fluorescent microscope (Leica AF-6000, Leica, Wetzlar,
Germany) and Fiji image analysis software was used to quantify the mean grey value expression of the
targets (Imagej, Bethesda, MD, USA).

2.7. Statistical Analysis

Results are expressed as mean ± SEM. A 2-tailed Student’s t-test was used to compare
individual groups. Non-Gaussian distributed data were analyzed using a Mann-Whitney U test using
GraphPad Prism version 6.00 for Windows (GraphPad Software). Probability-values < 0.05 were
regarded significant.

3. Results

3.1. Acute Carbogen Exposure Reduces Intraplaque Hypoxia

To evaluate the effect of acute carbogen treatment on advanced atherosclerotic vein graft lesions,
ApoE3*Leiden mice that underwent vein graft surgery were exposed for 90 min to carbogen gas
or normal breathing air. Mice exposed to carbogen gas (n = 8) showed a significant reduction of
intraplaque (IP) hypoxia in the vein graft lesion compared to the air breathing group (n = 8) as shown
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by a 84% decrease in the immuno-area positive for pimonidazole in the lesions of carbogen treated
mice compared to the control (p-value = 0.027) (Figure 1A–C).

Figure 1. Short term carbogen exposure drastically reduces intraplaque hypoxia. (A) Representative
pictures of sections from vein graft lesions in ApoE3* Leiden mice stained for pimonidazole in the control
group (n = 8) and (B) one-time carbogen treated group (n = 8). (C) Quantification of pimonidazole
positive area. Data are presented as mean ± SEM. * p < 0.05; by two-sided Student’s t test.

Regarding the aspect of vein graft patency, single 90-min carbogen exposure directly before
sacrifice did not affect vein graft patency (Figure 2A), vessel wall area, lumen perimeter, lumen area or
optimal lumen area (Figure 2B,C). Furthermore, weight nor cholesterol levels were changed (Figure S1).

The percentage of collagen present in the lesion was comparable between the two groups
(Figure 2D) and at a cellular level, the percentage of macrophages (Figure 2E) and SMCs (Figure 2F)
were not altered by the acute exposure to carbogen.

3.2. Chronic Carbogen Exposure Does not Influence Intraplaque Hypoxia

To evaluate the effect of hyperoxic carbogen treatment on plaque composition and remodeling we
performed a chronic carbogen treatment on ApoE3*Leiden mice with advanced atherosclerotic vein
graft lesions. Mice were exposed for 90 min daily to carbogen gas (n = 13) or normal breathing air
(n = 12) for 21 days. Neither weight or cholesterol levels were affected by the treatment (Figure S2).

Surprisingly chronic exposure to carbogen gas did not reduce intraplaque hypoxia in the treated
group when compared to the air breathing group (Figure 3). In fact, the degree of pimonidazole
staining in the vein graft area was not different between the two groups (Figure 3).

3.3. Chronic Exposure to Carbogen Plays a Protective Role Against Occlusions

Chronic carbogen treatment resulted in a beneficial effect on vein graft patency, increasing the rate
of vein graft patency by 34.5% (Figure 4A). In fact, only 53% of the mice of the control group presented
a patent vein graft (Figure 4A), while 87.5% of the mice exposed to carbogen gas had a patent vein graft.
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Figure 2. Short term exposure to carbogen gas does not influence plaque size nor composition.
(A) Quantitative measurement of vein graft patency in ApoE3*Leiden mice from the control and
one-time carbogen treated groups. Data are analyzed by Chi-square test (B) Representative pictures of
MOVAT staining of vein graft sections from control (n= 8) and carbogen group (n= 8). (C) Quantification
of vessel wall area, lumen perimeter, lumen area and optimal lumen area. Percentage of positive
vessel wall area and representative pictures for (D) collagen (n = 8 for control and carbogen groups),
(E) macrophages (n = 8 for control and carbogen groups) and (F) smooth muscle cells staining (n = 8 for
control and n = 7 for carbogen groups). Data are presented as mean ± SEM.
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Figure 3. Chronic carbogen treatment does not affect intraplaque hypoxia. Representative pictures of
vein graft cross sections stained for pimonidazole in control (n = 8) and chronic-treated carbogen groups
(n = 13) and quantitative measurement of percentage of vessel wall area positive for pimonidazole
staining. Data are presented as mean ± SEM.

p

Figure 4. Chronic exposure to carbogen plays a protective role against vein graft occlusions.
(A) Quantitative measurement of vein graft patency in ApoE3*Leiden mice from the control and
prolonged carbogen treated groups. Data are analyzed by Chi-square test. * p < 0.05. Representative
pictures of non-patent and patent vein grafts in ApoE3* Leiden mice at day 28 after surgery in the
right panel. (B) Quantitative measurements of vein graft thickening. In the right panel, representative
pictures of MOVAT staining in vein grafts from control (n = 8) and long term carbogen treated mice
(n = 13), with vessel wall area as the area between the two dotted lines. (C) Quantification of lumen
perimeter and (D) optimal lumen area. Data are presented as mean ± SEM. * p < 0.05; by two-sided
Student’s t test.
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Vessel wall area thickening was not affected by exposure to carbogen gas since no differences
could be detected between the two groups when taken only the patent grafts into account (Figure 4B).
More importantly lumen size was affected by carbogen gas. In fact, carbogen treated mice presented a
significant increase in the lumen perimeter when compared to control (Figure 4C,E, p-value = 0.048),
and an increase in the optimal lumen area (Figure 4D, p-value = 0.067).

3.4. Chronic Carbogen Treatment Does Not Have an Effect on Intraplaque Angiogenesis and Intraplaque
Hemorrhage

To see whether exposure to carbogen gas had an effect on the hypoxia triggered IP angiogenesis,
the amount of CD31+ vessels in the vein graft lesions (white arrows in Figure 5A zoom in) was
evaluated and no difference in the number of neovessels in the carbogen group was observed when
compared to the control group (p-value > 0.99).

Figure 5. Chronic carbogen treatment does not affect intraplaque neovascularization. (A) Representative
pictures of vein grafts lesions stained for DAPI (white), CD31 (green) and Ter119 (red). (B) Quantification
of CD31 positive neovessels in the vessel wall area in the control group (n = 8) and in the carbogen
treated group (n = 12). (C) Bar graphs representing the quantitative measurements for IPH in the
control and long term carbogen treated groups. IPH was scored as not present, low, moderate or high.
Total vessel wall gene expression of (D) Hif1a, (E) Cxcl12, (F) Vegfa and (G) Hif2a, relative to Hprt, was
measured in the control and long term carbogen treated groups. Data are presented as mean ± SEM.
* p < 0.05; by two-sided Student’s t test.
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In addition, when corrected for intimal thickness no differences were observed between the
groups (p-value = 0.91) (Figure 5A,B). As a measure of the quality of the IP angiogenesis the degree of
intraplaque hemorrhage was analyzed (yellow stars in Figure 5A zoom-in) as the amount of Ter119+

cells found outside the neovessels and quantified as not present, low, moderate or high, and no
differences could be seen when comparing the two groups (Figure 5C).

To determine the effects of hyperoxia on angiogenesis related genes the expression of Hif1a was
analyzed. We surprisingly found a significant upregulation of Hif1a mRNA expression in the carbogen
treated group when compared to the control (Figure 5D, p-value = 0.05), while mRNA expression of
Cxcl12, Vegfa and Epas1 were not altered (Figure 5E–G). No differences between control and one-time
carbogen treated group were found when analyzing gene expression in vein grafts from the acute
carbogen treatment (Figure S3).

3.5. Chronic Carbogen Treatment Induces Accumulation of Reactive Oxygen Species and Apoptosis

Although an effect on Hif1a upregulation was observed, surprisingly no effect on angiogenesis
could be seen. Therefore, we looked into other mechanisms that could possibly regulate Hif1a. We
hypothesized that the mRNA upregulation of Hif1a in the carbogen treated group (Figure 5D) was
caused by an accumulation of reactive oxygen species (ROS) induced by the carbogen treatment. ROS
is known to be induced by prolonged hyperoxia [17] and to regulate the transcription of different genes
involved in hypoxia and in inflammation such as Hif1a and Il6.

Il6 mRNA expression was studied as a representative for ROS induced factors and quantification
of its expression showed a trend towards increased expression in the carbogen group of the chronic
exposure study when compared to the control group (Figure 6A, p-value = 0.09).

Next the presence of ROS was studied in the vein graft lesions by quantifying the
amount of ROS–mediated DNA damage, analyzed by 8-hydroxy-2′deoxy-guanosine (8OHdG)
immunohistochemical staining. We determined the subcellular location of the staining of 8OHdG.
As observed in Figure 6C, a strong 8OHdG positive staining was found in the nuclei of the cells,
with an occasional staining outside of the nuclei in the mitochondria, seen as cytoplasmic staining
(Figure 6C, right panel). This suggests that the main site of ROS induced DNA damage is nuclear, and
not mitochondrial. 8OHdG positive staining could be seen as light blue staining in the nuclei of the
cells as a results of co-localized DAPI and 8OHdG staining (Figure 6D zoom-in) and the quantification
corrected for the vessel wall area resulted in an increase of DNA damage in the carbogen treated group
when compared to the control group (Figure 6B,D), supporting the idea that ROS levels are increased.

ROS is known to induce apoptosis as a consequence of DNA damage. Therefore, the amount of
cells positive for cleaved caspase 3 (CC3) in the atherosclerotic vein graft lesions was determined in the
carbogen treated and in the control groups (Figure 6E). Due to their high oxygen consumption we
hypothesized that macrophages could possibly be the main cell type affected by DNA damage induced
by ROS and subsequent apoptosis. As shown in the bottom panel of Figure 6D, macrophages rich
areas in the lesions of mice treated with carbogen were found to be strongly positive for CC3 when
compared to control (Figure 6E bottom panel).

When looking at the total amount of cells positive for cleaved caspase 3 in the intimal area, an
increase in apoptotic cells CC3+ in the lesions of mice exposed to carbogen gas was found compared to
the air breathing group (Figure 6E, p-value = 0.06).
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Figure 6. Chronic carbogen treatment induces accumulation of ROS. (A) Il6 gene expression relative to
Hprt in the total vessel wall of control and chronic carbogen treated groups. (B) Quantification of the
percentage of vessel wall area positive for 8OHdG. (C) Representative pictures of DAPI (in blue, left
panel), 8OHdG (in green, central panel) and merged (right panel) staining in the vein graft lesions.
(D) representative pictures of DAPI (blue) and 8OHdG (green) staining in vein graft lesions from
control (n = 8) and carbogen treated (n = 12) mice. Light blue staining represents nuclei positive for
8OHdG and examples are indicated by white arrows. (E) In the top panels, representative pictures of
DAPI (blue) and cleaved caspase 3 (CC3, in magenta) staining and in the bottom panels representative
pictures of DAPI (blue), CC3 (magenta) and Mac3 (green) staining in control and carbogen groups
respectively. In the right panel quantification of percentage of intimal area positive for cleaved caspase
3. Data are presented as mean ± SEM. * p < 0.05 by two-sided Student’s t test.
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3.6. Chronic Carbogen Exposure Reduces Inflammatory Cell Content

The effects of chronic carbogen gas treatment on intraplaque inflammation were studied on
macrophages since they produce high amounts of ROS, consume elevate amounts of O2 and are known
to be hypoxic [6]. Interestingly, the group of mice exposed daily to carbogen for 21 days showed a
significant reduction in macrophage content when compared to the control group breathing normal air
(p-value = 0.0126).

When corrected for the differences in vein graft thickening, the relative percentage of macrophages
was significantly decreased in the carbogen exposed group by the 15.2% (Figure 7A, p-value = 0.0044).

Figure 7. Chronic carbogen treatment reduces macrophages infiltration in the plaque. (A) Representative
pictures of ApoE3* Leiden mice vein grafts from control (n = 8) and chronic carbogen treated (n = 13)
groups stained for Mac-3. In the right panel quantitative measurements of the percentage of vessel wall
area positive for Mac-3. Data are presented as mean ± SEM. ** p < 0.01; by two-sided Student’s t test.
Total wall gene expression of (B) Ccl2 and (C) Tnf relative to Hprt. (D) Quantification of the number of
cells positive for Mac-3 and Ki67 in the vessel wall area of control (n = 8) and carbogen treated group
(n = 13) and representative pictures of the staining with DAPI presented in blue, Mac-3 in green and
Ki67 in red. Data are presented as mean ± SEM. ** p < 0.01 by 2-sided Student t test.

To study whether the decrease in macrophages was not due to a reduced infiltration of macrophages,
nor a reduced proliferation of resident macrophages, local cytokines expression in the vein grafts was
studied and the proliferation of macrophages was analyzed.
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First, the mRNA expression levels of Ccl2 and Tnf in the vein graft atherosclerotic lesions were
examined. The mRNA levels of Ccl2 and Tnf did not differ between the carbogen treated group and
the control (Figure 7B,C).

Using a triple IHC staining for Mac-3, Ki-67 and DAPI the amount of proliferating macrophages
was determined. As shown in Figure 7D and, there was no difference in the number of proliferative
macrophages corrected for the vessel wall thickening (p-value = 0.16).

Thus, the data suggest that the reduction of plaque macrophages could be due to enhanced
macrophage apoptosis.

3.7. Chronic Carbogen Treatment Does Not Affect Plaque Size but Increases Plaque Stability

To evaluate the effect of prolonged carbogen treatment and accumulation of ROS on plaque
composition, the amount of collagen (positive collagen area in the total vessel wall) and smooth muscle
cells (positive αSMA area in the total vessel wall) was analyzed, two main predictors of plaque stability.

The collagen content in the plaque was not affected by carbogen treatment, and was comparable
between the two groups (Figure 8A). Similarly, SMCs content in the carbogen group was not different
from the control group (Figure 8B). Interestingly, when calculating the plaque stability index, defined
as the amount of collagen and SMCs divided by the vessel wall area, atherosclerotic plaques of the mice
daily exposed to carbogen resulted to be more stable than the lesion of the control group (Figure 8C,
p-value = 0.05).

α
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Figure 8. Chronic carbogen treatment does not affect collagen nor smooth muscle cells content in
the lesion but increases plaque stability. (A) Quantitative measurement vessel wall area positive for
collagen in ApoE3*Leiden mice from the control (n = 8) and carbogen treated (n = 13) groups. In the
right panel representative pictures for collagen staining. (B) Quantification of percentage of vessel
wall area positive for smooth muscle cell actin and representative pictures from the control (n = 8) and
carbogen treated (n = 13) groups. (C) Quantification of plaque stability index. Data are presented as
mean ± SEM.
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3.8. ROS Increases DNA Damage and Apoptosis in Bone Marrow Derived Macrophages In Vitro

To unravel the molecular and cellular mechanism underlying the observed changes in macrophage
content, in particular whether this could be due to hyperoxia induced ROS accumulation, we
treated macrophages derived from bone marrow of APOE3*Leiden mice with t-BHP, a known ROS
mimic [19]. t-BHP treatment increased the occurrence of DNA damage in BMM as measured by
8-OHdG immunocytochemical staining (Figure 9A), confirming its activity as a ROS mimic and the
induction of DNA damage by ROS.

μ μ μ μμ μμ μ

Figure 9. ROS induces DNA damage and apoptosis on in vitro bone marrow macrophages (BMM) (A)
Representative pictures of CTRL BMM and BMM treated with 200 or 400 μm t-BHP respectively are
shown. Examples images stained for DAPI (blue), Mac3 (green) and 8OHdG (magenta) as well as a
merged image are shown per each condition tested. (B) Quantification of 8OHdG expression as mean
intensity is shown. (C) Total mRNA expression of Hif1a relative to Hprt. (D) Quantification of CC3
expression as mean intensity is shown. (E) Quantification of total amount of cells per condition tested
expressed as total amount of positive DAPI nuclei. (F) Representative pictures of CTRL BMM and
BMM treated with 200 or 400 μm t-BHP respectively. Examples images stained for DAPI (blue), Mac3
(green) and cleaved caspase 3 (CC3) (orange) as well as a merged image are shown per each condition
tested. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01; by two-sided Student’s t test.
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Quantification revealed a 2.2-fold increase in DNA damage in macrophages treated with 200 μm
t-BHP (p-value = 0.006) and a two-fold increase in DNA damage in macrophages treated with 400 μm
t-BHP (p-value = 0.006) when compared to control (Figure 9B).

We then evaluated the effect of the ROS mimic t-BHP on the expression of several genes. Similar
to changes in expression in vivo, we found that t-BHP-induced ROS caused a significant increase of
Hif1a mRNA expression (p-value = 0.007 and 0.02 respectively) when compared to control (Figure 9C).
Interestingly, we also found that ROS caused an increase in the expression of pro-inflammatory genes
Ccl2 and Tnf, but decreased Epas1 expression compared to control (Figure S4)

To assess if ROS ultimately causes apoptosis in cultured BMM, we examined the expression of
CC3 and found a significant and dose dependent increase in CC3 expression, thus apoptosis, in t-BHP
treated BMM when compared to control (Figure 9F). The group treated with 200 μm t-BHP showed
a 10% increase (p-value = 0.03) and the group treated with 400 μm t-BHP a 27% increase (p-value
= 0.01) in CC3 expression when compared to control (Figure 9D). Moreover, we observed a drastic
reduction in the total number of cells by 72% and 70% in the groups treated with 200 and 400 μm t-BHP,
respectively, when compared to control (Figure 9E, p-value = 0.01 for both groups). Combined these
data demonstrate that ROS directly affects gene expression in macrophages and causes DNA damage
and apoptosis.

4. Discussion

The results of the present study show that carbogen treatment in an acute short term setting
resulted in a profound reduction of intraplaque hypoxia in murine vein grafts lesions in vivo. Long
term treatment with carbogen resulted in a beneficial effect on vein graft patency in ApoE3*Leiden
mice, but surprisingly, had no effect on hypoxia, intraplaque angiogenesis and intraplaque hemorrhage.
On the other hand, long term carbogen treatment resulted in hyperoxia-induced ROS formation with
consequent effects on HIF1a mRNA levels and macrophage apoptosis. A reduction in macrophage
content in the vein graft lesions was observed, resulting in less unstable lesions. Moreover, comparable
to what was observed in vivo, in vitro induction of ROS using the ROS mimic t-BHP in BMM resulted
in a strong increment in DNA damage and apoptosis.

Carbogen inhalation is widely used in the oncological field [20,21]. It has been shown that
the time to achieve a maximal increase in tumor oxygenation with carbogen inhalation depends
on various factors such as the type of cell involved, the location, and the size of the tumor [22,23].
Moreover, Hou et al. observed an effect of carbogen treatment comparable to what was observed
in the present study, both in the short and the long term experiments. Single carbogen inhalation
significantly increased tumor oxygenation, while during multiple administrations of carbogen the
effect was reduced, indicating that the response to chronic carbogen is not consistent over days [22].
Nevertheless, we showed that prolonged carbogen treatment has a protective role against vein graft
occlusions. Vein graft occlusion is a phenomenon often seen after vein grafting in which the vessel
lumen is narrowed due to extensive intimal hyperplasia that progress to stenosis and occlusion [24].
This phenomenon is also observed in ApoE3*Leiden mice that undergo vein graft surgery. Besides
the reduction in vein graft occlusions, an increase in vein graft patency due to an increase in lumen
perimeter and optimal lumen area of the hyperoxic vein grafts was observed, similar to the study by
Fowler et al. [25]. In that study carbogen is used in the treatment of central retinal artery occlusion to
increase blood oxygen maintaining oxygenation of the retina [25]. This effect of hyperoxygenation on
retinal artery remodeling can be related to the effect of carbogen on patency and increase in lumen
perimeter and increase in the optimal lumen found in the present study.

We did not observe a reduction in hypoxia nor an effect on intraplaque angiogenesis in the
prolonged carbogen study. Furthermore, no changes in local gene expression of Vegfa were observed
in the vein grafts, but interestingly Hif1a was upregulated in the prolonged carbogen exposure study
and not downregulated as expected. In fact following our initial hypothesis we would have expected
a reduction in intraplaque angiogenesis in parallel with a reduction in Hif1a and Vegfa expression.
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For this reason, we studied other known processes that regulate Hif1a and observed an accumulation
of ROS in the carbogen exposed group when compared to the control group. Repeated exposure to
hyperoxia is known to be associated at a cellular level with an accumulation of ROS [26,27]. When the
exposure is repeated too often, the oxidant insult is no longer compensated by the host’s antioxidant
defense mechanisms and therefore cell injury and death ensue [28]. Cell injury induced by ROS
comprises lipid peroxidation, protein oxidation and DNA damage [29,30]. We observed an increase
in DNA damage measured as an augmented presence of 8OHdG staining in the long term carbogen
treated group when compared to the control group, indicating that a daily long term treatment with
carbogen gas results in accumulation of ROS that in turns induces DNA damage in the atherosclerotic
lesions. Moreover, we also observed an increase in DNA damage in bone marrow macrophages
in vitro under ROS stimulation. It is known that DNA damage can be found in the nuclei and in
the mitochondria [31,32]. Both in the vein graft lesions in vivo and in the cultured t-BHP treated
macrophages in vitro, a strong 8OHdG positive staining in the nuclei of the cells, with an occasional
cytoplasmic staining could be seen. The subcellular location of the staining of 8OHdG suggests that
the main site of ROS induced DNA damage is nuclear, and not mitochondrial. ROS generated by
repeated hyperoxia treatment can alter gene expression by modulating transcription factor activation,
like NF-kβ, which then impact downstream targets [33]. It has been shown that hyperoxia also results
in nuclear translocation of NF-kβ and NF-kβ activation in several cell types [34]. Our results show that
long term carbogen treatment result in Hif1a gene expression upregulation. In addition, in vitro BMM
treated with the ROS mimic t-BHP also showed an upregulation of Hif1a gene expression. Interestingly,
the transcription of this gene is known to be regulated by NF-kβ transcription factor. In fact, Bonello
et al., demonstrated that ROS induced Hif1a transcription via binding of NF-kβ to a specific site in
the Hif1a promoter [35]. Those findings could be further investigated in future experiments using
antioxidants such as NAC to see whether it can reverse the carbogen treatment.

We showed that the accumulation of ROS in the carbogen treated group caused an increase
in apoptosis, accumulated in macrophages rich areas, and resulted in a decrease in the amount of
macrophages. Even though we cannot exclude that the association of macrophages with cleaved caspase
3 could be due to efferocytosis of apoptotic cells, macrophage efferocytosis is frequently hampered
in atherosclerotic lesions, therefore it is likely that these macrophages are apoptotic. Previously, in
contrast with our findings, a strong correlation between macrophage content and hypoxia was shown
by Marsch et al. [15]. Moreover, hypoxia potentiates macrophage glycolytic flux in a Hif1a dependent
manner [36] in order to fulfill the need of ATP for protein production and migration. Taken together,
this points to a high request and high use of O2 by plaque macrophages and a consequent high exposure
of these inflammatory cells to ROS accumulated during hyperoxia. We demonstrated that ROS causes
accumulation of DNA damage and subsequently an increase in apoptosis and cell death in BMM
in vitro. The link between ROS induced DNA damage and apoptosis detected in vitro might explain
the observed apoptosis in macrophages in vivo. Moreover, a reduction in the number of macrophages
is associated with plaque stability and plaque stability is reflected in an increase in vein graft patency
as observed in the present study.

Previously Marsch et al. showed that repeated carbogen treatment in LDLR-/- mice lead to
reduction in intraplaque hypoxia, necrotic core size and apoptosis [15]. In the present study we showed
that repeated carbogen treatment in accelerated vein graft atherosclerotic lesions in ApoE3* Leiden
mice resulted in increased apoptosis and unaltered intraplaque hypoxia when compared to controls.
Accelerated atherosclerotic lesions in ApoE3*Leiden mice highly resemble human atherosclerotic
lesions and, differently from LDLR-/- mice, do present intraplaque angiogenesis. Our results show that
although we did not observe reduced intraplaque angiogenesis and IPH daily hyperoxia treatment with
carbogen gas in this murine model lead to accumulation of ROS that could not be cleared by anti-oxidant
agents and the ROS build-up lead to DNA damage and induced apoptosis. In fact, differently from
Marsch et al., who treated mice daily for five days, followed by two days of no carbogen exposure we
performed the treatment daily and started our treatment seven days after mice underwent vein graft
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surgery, when the atherosclerotic lesions already started forming. This starting time point was based
on our previous findings [5] in which we found that intraplaque neovascularization in ApoE3*Leiden
mice that underwent vein graft surgery is visible 14 days after surgery. Therefore, we were able to
study the effect of carbogen treatment on lesion stabilization rather than on lesion formation.

One of the limitations of the current study may be the choice of the model used, the ApoE3*Leiden
mice vein grafts. However, since in most mouse models for spontaneous atherosclerosis intraplaque
angiogenesis is absent, and the lesions observed in the ApoE3*Leiden mice vein grafts show many
features that can also be observed in advanced human lesions, including intraplaque hypoxia,
angiogenesis and intraplaque hemorrhage, we believe this model is suitable for the current studies.
The fact that the most prominent effects observed relate to hyperoxygenation induced ROS production,
macrophage apoptosis and vein graft patency, whereas the experimental set-up was initially designed
to identify effects on intraplaque angiogenesis, might indicate another limitation in our study set-up.

Based on the results obtained in the present study we can conclude that although short term
carbogen gas treatment leads to a profound reduction in intraplaque hypoxia, the treatment has
mixed effects. Despite the beneficial effects of the hyperoxygenation treatment on vein grafts, i.e.,
improved vein graft patency and a strong trend towards an increased plaque stability index, chronic
hyperoxygenation also induced Hif1a mRNA expression, ROS accumulation and apoptosis. That all
will harm the vein grafts in the current model under the current conditions. This indicates that in order
to define potential therapeutic benefits of hyperoxygenation treatment further research is needed to
define optimal conditions for this treatment in vein graft disease.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/2/336/s1,
Figure S1: Bodyweight and cholesterol levels acute carbogen exposure, Figure S2: Bodyweight and cholesterol
levels chronic carbogen exposure, Figure S3: Total wall gene expression, Figure S4: inflammatory gene expression
in cultured BMM, Figure S5: BMM 8OHdG IHC.

Author Contributions: Conceptualization, L.P., M.R.d.V. and P.H.A.Q.; formal analysis, L.P. and M.R.d.V.;
investigation, L.P., H.A.B.P., F.B. and M.R.d.V.; resources, M.R.d.V. and P.H.A.Q.; supervision, M.R.d.V. and
P.H.A.Q.; visualization, L.P., M.R.d.V. and P.H.A.Q.; writing—original draft, L.P.; writing—review and editing,
L.P., J.C.S., M.R.d.V. and P.H.A.Q. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a grant from the European Union, Horizon 2020 MSCA joint doctoral
project, MOGLYNET [Project number 675527].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bentzon, J.F.; Otsuka, F.; Virmani, R.; Falk, E. Mechanisms of plaque formation and rupture. Circ. Res. 2014,
114, 1852–1866. [CrossRef]

2. de Vries, M.R.; Quax, P.H. Plaque angiogenesis and its relation to inflammation and atherosclerotic plaque
destabilization. Curr. Opin. Lipidol. 2016, 27, 499–506. [CrossRef] [PubMed]

3. Lee, E.S.; Bauer, G.E.; Caldwell, M.P.; Santilli, S.M. Association of artery wall hypoxia and cellular proliferation
at a vascular anastomosis. J. Surg. Res. 2000, 91, 32–37. [CrossRef] [PubMed]

4. Sluimer, J.C.; Gasc, J.M.; van Wanroij, J.L.; Kisters, N.; Groeneweg, M.; Sollewijn Gelpke, M.D.; Cleutjens, J.P.;
van den Akker, L.H.; Corvol, P.; Wouters, B.G.; et al. Hypoxia, hypoxia-inducible transcription factor, and
macrophages in human atherosclerotic plaques are correlated with intraplaque angiogenesis. J. Am. Coll.
Cardiol. 2008, 51, 1258–1265. [CrossRef] [PubMed]

5. de Vries, M.R.; Parma, L.; Peters, H.A.B.; Schepers, A.; Hamming, J.F.; Jukema, J.W.; Goumans, M.; Guo, L.;
Finn, A.V.; Virmani, R.; et al. Blockade of vascular endothelial growth factor receptor 2 inhibits intraplaque
haemorrhage by normalization of plaque neovessels. J. Intern. Med. 2019, 285, 59–74. [CrossRef]

6. Marsch, E.; Sluimer, J.C.; Daemen, M.J. Hypoxia in atherosclerosis and inflammation. Curr. Opin. Lipidol.
2013, 24, 393–400. [CrossRef]

7. Subbotin, V.M. Excessive intimal hyperplasia in human coronary arteries before intimal lipid depositions is
the initiation of coronary atherosclerosis and constitutes a therapeutic target. Drug Discov. Today 2016, 21,
1578–1595. [CrossRef]

134



Cells 2020, 9, 336

8. Jain, T.; Nikolopoulou, E.A.; Xu, Q.; Qu, A. Hypoxia inducible factor as a therapeutic target for atherosclerosis.
Pharmacol. Ther. 2018, 183, 22–33. [CrossRef]

9. Balogh, E.; Toth, A.; Mehes, G.; Trencsenyi, G.; Paragh, G.; Jeney, V. Hypoxia Triggers Osteochondrogenic
Differentiation of Vascular Smooth Muscle Cells in an HIF-1 (Hypoxia-Inducible Factor 1)-Dependent and
Reactive Oxygen Species-Dependent Manner. Arter. Thromb. Vasc. Biol. 2019, 39, 1088–1099. [CrossRef]

10. Parma, L.; Baganha, F.; Quax, P.H.A.; de Vries, M.R. Plaque angiogenesis and intraplaque hemorrhage in
atherosclerosis. Eur. J. Pharm. 2017, 816, 107–115. [CrossRef]

11. Sluimer, J.C.; Kolodgie, F.D.; Bijnens, A.P.; Maxfield, K.; Pacheco, E.; Kutys, B.; Duimel, H.; Frederik, P.M.;
van Hinsbergh, V.W.; Virmani, R.; et al. Thin-walled microvessels in human coronary atherosclerotic
plaques show incomplete endothelial junctions relevance of compromised structural integrity for intraplaque
microvascular leakage. J. Am. Coll. Cardiol. 2009, 53, 1517–1527. [CrossRef] [PubMed]

12. Aarup, A.; Pedersen, T.X.; Junker, N.; Christoffersen, C.; Bartels, E.D.; Madsen, M.; Nielsen, C.H.; Nielsen, L.B.
Hypoxia-Inducible Factor-1alpha Expression in Macrophages Promotes Development of Atherosclerosis.
Arter. Thromb. Vasc. Biol. 2016, 36, 1782–1790. [CrossRef] [PubMed]

13. Hultén, L.M.; Levin, M. The role of hypoxia in atherosclerosis. Curr. Opin. Lipidol. 2009, 20, 409–414.
[CrossRef] [PubMed]

14. Abe, H.; Semba, H.; Takeda, N. The Roles of Hypoxia Signaling in the Pathogenesis of Cardiovascular
Diseases. J. Atheroscler. Thromb. 2017, 24, 884–894. [CrossRef] [PubMed]

15. Marsch, E.; Theelen, T.L.; Demandt, J.A.; Jeurissen, M.; van Gink, M.; Verjans, R.; Janssen, A.; Cleutjens, J.P.;
Meex, S.J.; Donners, M.M.; et al. Reversal of hypoxia in murine atherosclerosis prevents necrotic core
expansion by enhancing efferocytosis. Arter. Thromb. Vasc. Biol. 2014, 34, 2545–2553. [CrossRef] [PubMed]

16. de Vries, M.R.; Niessen, H.W.; Lowik, C.W.; Hamming, J.F.; Jukema, J.W.; Quax, P.H. Plaque rupture
complications in murine atherosclerotic vein grafts can be prevented by TIMP-1 overexpression. PLoS ONE
2012, 7, e47134. [CrossRef] [PubMed]

17. Jamieson, D.; Chance, B.; Cadenas, E.; Boveris, A. The relation of free radical production to hyperoxia. Annu.
Rev. Physiol. 1986, 48, 703–719. [CrossRef]

18. Simons, K.H.; de Vries, M.R.; Peters, H.A.B.; Hamming, J.F.; Jukema, J.W.; Quax, P.H.A. The protective role of
Toll-like receptor 3 and type-I interferons in the pathophysiology of vein graft disease. J. Mol. Cell. Cardiol.
2018, 121, 16–24. [CrossRef]

19. Han, L.; Wang, Y.L.; Sun, Y.C.; Hu, Z.Y.; Hu, K.; Du, L.B. tert-Butylhydroperoxide induces apoptosis in
RAW264.7 macrophages via a mitochondria-mediated signaling pathway. Toxicol. Res. 2018, 7, 970–976.
[CrossRef]

20. Yip, K.; Alonzi, R. Carbogen gas and radiotherapy outcomes in prostate cancer. Ther. Adv. Urol. 2013, 5,
25–34. [CrossRef]

21. Zhang, L.J.; Zhang, Z.; Xu, J.; Jin, N.; Luo, S.; Larson, A.C.; Lu, G.M. Carbogen gas-challenge blood oxygen
level-dependent magnetic resonance imaging in hepatocellular carcinoma: Initial results. Oncol. Lett. 2015,
10, 2009–2014. [CrossRef] [PubMed]

22. Hou, H.G.; Khan, N.; Du, G.X.; Hodge, S.; Swartz, H.M. Temporal variation in the response of tumors to
hyperoxia with breathing carbogen and oxygen. Med. Gas. Res. 2016, 6, 138–146. [CrossRef] [PubMed]

23. Chakhoyan, A.; Corroyer-Dulmont, A.; Leblond, M.M.; Gerault, A.; Toutain, J.; Chazaviel, L.; Divoux, D.;
Petit, E.; MacKenzie, E.T.; Kauffmann, F.; et al. Carbogen-induced increases in tumor oxygenation depend on
the vascular status of the tumor: A multiparametric MRI study in two rat glioblastoma models. J. Cereb.
Blood Flow Metab. 2017, 37, 2270–2282. [CrossRef]

24. de Vries, M.R.; Simons, K.H.; Jukema, J.W.; Braun, J.; Quax, P.H. Vein graft failure: From pathophysiology to
clinical outcomes. Nat. Rev. Cardiol. 2016, 13, 451–470. [CrossRef] [PubMed]

25. Fowler, S.B. Carbogen in the management of a central retinal artery occlusion. Insight (Am. Soc. Ophthalmic
Regist. Nurses) 2012, 37, 10–11.

26. Gore, A.; Muralidhar, M.; Espey, M.G.; Degenhardt, K.; Mantell, L.L. Hyperoxia sensing: From molecular
mechanisms to significance in disease. J. Immunotoxicol. 2010, 7, 239–254. [CrossRef] [PubMed]

27. Zhao, M.; Tang, S.; Xin, J.; Wei, Y.; Liu, D. Reactive oxygen species induce injury of the intestinal epithelium
during hyperoxia. Int. J. Mol. Med. 2018, 41, 322–330. [CrossRef]

135



Cells 2020, 9, 336

28. Petrache, I.; Choi, M.E.; Otterbein, L.E.; Chin, B.Y.; Mantell, L.L.; Horowitz, S.; Choi, A.M. Mitogen-activated
protein kinase pathway mediates hyperoxia-induced apoptosis in cultured macrophage cells. Am. J. Physiol.
1999, 277, L589–L595. [CrossRef]

29. Halliwell, B.; Chirico, S. Lipid peroxidation: Its mechanism, measurement, and significance. Am. J. Clin.
Nutr. 1993, 57, 715S–724S, discussion 724S-725S. [CrossRef]

30. Evans, M.D.; Dizdaroglu, M.; Cooke, M.S. Oxidative DNA damage and disease: Induction, repair and
significance. Mutat. Res. 2004, 567, 1–61. [CrossRef]

31. Santulli, G.; Xie, W.; Reiken, S.R.; Marks, A.R. Mitochondrial calcium overload is a key determinant in heart
failure. Proc. Natl. Acad. Sci. USA 2015, 112, 11389–11394. [CrossRef] [PubMed]

32. Xie, W.; Santulli, G.; Reiken, S.R.; Yuan, Q.; Osborne, B.W.; Chen, B.X.; Marks, A.R. Mitochondrial oxidative
stress promotes atrial fibrillation. Sci. Rep. 2015, 5, 11427. [CrossRef] [PubMed]

33. Traenckner, E.B.; Pahl, H.L.; Henkel, T.; Schmidt, K.N.; Wilk, S.; Baeuerle, P.A. Phosphorylation of human
I kappa B-alpha on serines 32 and 36 controls I kappa B-alpha proteolysis and NF-kappa B activation in
response to diverse stimuli. EMBO J. 1995, 14, 2876–2883. [CrossRef] [PubMed]

34. Michiels, C.; Minet, E.; Mottet, D.; Raes, M. Regulation of gene expression by oxygen: NF-kappaB and HIF-1,
two extremes. Free Radic. Biol. Med. 2002, 33, 1231–1242. [CrossRef]

35. Bonello, S.; Zahringer, C.; BelAiba, R.S.; Djordjevic, T.; Hess, J.; Michiels, C.; Kietzmann, T.; Gorlach, A.
Reactive oxygen species activate the HIF-1alpha promoter via a functional NFkappaB site. Arter. Thromb.
Vasc. Biol. 2007, 27, 755–761. [CrossRef]

36. Tawakol, A.; Singh, P.; Mojena, M.; Pimentel-Santillana, M.; Emami, H.; MacNabb, M.; Rudd, J.H.;
Narula, J.; Enriquez, J.A.; Traves, P.G.; et al. HIF-1alpha and PFKFB3 Mediate a Tight Relationship Between
Proinflammatory Activation and Anerobic Metabolism in Atherosclerotic Macrophages. Arter. Thromb. Vasc.
Biol. 2015, 35, 1463–1471. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

136



cells

Review

Atherosclerosis and the Capillary Network;
Pathophysiology and Potential Therapeutic Strategies

Tilman Ziegler 1,2, Farah Abdel Rahman 1, Victoria Jurisch 1 and Christian Kupatt 1,2,*

1 Klinik & Poliklinik für Innere Medizin I, Klinikum rechts der Isar, Technical University of Munich,
81675 Munich, Germany; tilman.ziegler@tum.de (T.Z.); farah.abdel-rahman@tum.de (F.A.R.);
victoria.jurisch@googlemail.com (V.J.)

2 DZHK (German Center for Cardiovascular Research), Partner Site Munich Heart Alliance,
80802 Munich, Germany

* Correspondence: christian.kupatt@tum.de; Tel.: +49-89-4140-9410

Received: 30 November 2019; Accepted: 21 December 2019; Published: 24 December 2019

Abstract: Atherosclerosis and associated ischemic organ dysfunction represent the number one
cause of mortality worldwide. While the key drivers of atherosclerosis, arterial hypertension,
hypercholesterolemia and diabetes mellitus, are well known disease entities and their contribution to
the formation of atherosclerotic plaques are intensively studied and well understood, less effort is put
on the effect of these disease states on microvascular structure an integrity. In this review we summarize
the pathological changes occurring in the vascular system in response to prolonged exposure to these
major risk factors, with a particular focus on the differences between these pathological alterations
of the vessel wall in larger arteries as compared to the microcirculation. Furthermore, we intend to
highlight potential therapeutic strategies to improve microvascular function during atherosclerotic
vessel disease.
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1. Introduction

Atherosclerosis remains an entity with continually growing incidence associated with a variety of
disease states, which include ischemic stroke, peripheral artery disease and coronary artery disease.
Taken together, cardiovascular disease, which can be seen as an expression of advanced atherosclerosis,
account for 17.9 million deaths or 31% of all deaths per year globally, thus ranking it the number one
cause of mortality today [1]. Multiple risk factors contributing to atherosclerosis have been identified
and well-studied, mainly arterial hypertension, hypercholesterolemia, nicotine abuse and diabetes.

Atherosclerosis describes a pathological remodeling of the arterial wall initiated by the
accumulation of lipids in the sub-endothelial layer of arteries. The retention of lipids triggers
an inflammatory reaction leading to the invasion of multiple classes of leukocytes. This inflammatory
state facilitates further endothelial dysfunction and remodeling of the extracellular matrix (ECM),
ultimately leading to the formation of calcified, vulnerable plaques prone to rupture, which can lead to
complete vessel occlusion via platelet activation and thrombosis.

This process of increasing vascular remodeling manifests initially as diffuse thickening of the
Tunica intima, the innermost vascular layer, and an increase of intima thickness relative to the
underlying Tunica media. Interestingly, these early stages in remodeling have been observed already
at early ages, starting in the second decade of life [2]. The diffuse intimal thickening is mainly driven
by the accumulation of lipids [3]. As proposed by Williams and Tabas in their response-to-retention
hypothesis in 1995 [4,5], this accumulation of ECM-associated lipoproteins constitutes the initial step in
the formation of an atherosclerotic lesion. The ECM-protein class of proteoglycans in particular has been
identified as a key binding partner for lipid-complexes owing to their high affinity for lipoproteins [6,7].
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Subsequently, the lipoprotein-proteoglycan complexes, which are prone to oxidation and aggregation,
represent a source of oxidative stress on the surrounding endothelial cells and vascular smooth muscle
cells (vSMC). This process induces the recruitment of macrophages, in part due to the increase in
SMC-derived Monocyte chemoattractant protein-1 [8], which phagocytose the lipoprotein-proteoglycan
complexes, leading to the accumulation of foam cells in the atherosclerotic plaque [9,10]. Owing to the
increased number of macrophages and the subsequent release of inflammatory cytokines, vascular
smooth muscle cells change from their resting state into a more fibroproliferative condition, e.g. they
display a drastic increase in activation and expansion. They simultaneously demonstrate a heightened
susceptibility to apoptosis, mediated by the induced expression of the pro-apoptotic regulator BAX
(Bcl-2-associated X protein) [11]. In addition, activated vSMCs produce transforming growth factor β
(TGF-β), tissue factor (TF) and further proteoglycans, thus attracting more lipoproteins and additional
macrophages, which further worsens the progression of the atherosclerotic lesion [12–14]. In the
later stages of atherosclerotic plaque formation, atherosclerotic lesions can transform into thin cap
fibroatheromas, characterized by a thin fibrous cap containing calcifications covering a necrotic lipid
core. These atherosclerotic lesions are prone to rupture, exposing the blood stream to the underlying
extracellular matrix, containing Von Willebrand factor, collagen and fibrin. These ECM-proteins
subsequently bind to platelets and lead to their activation and subsequent organization into a thrombus,
resulting in the occlusion of the vessel [15–17].

In clinical practice, strategies for the treatment of atherosclerosis focus on the reduction of the risk
factors of this pathological condition and on interventional or surgical revascularization. However,
atherosclerosis is generally seen as a predominant problem of the macrocirculation with a focus on
the formation of atherosclerotic plaques, rather than a disease affecting the whole circulatory system.
In this review we discuss the impact of the known predominant risk factors—arterial hypertension,
hypercholesterolemia and diabetes—on the development and progression of atherosclerosis with a
focus on their influence on the microcirculation, e.g., arterioles, capillaries and venules. Furthermore,
we highlight potential therapeutic strategies that might improve overall vascular function in
atherosclerotic patients.

2. Cardiovascular Risk Factors Contributing to Atherosclerosis: The Macro

Arterial Hypertension represents a key driver in the development of atherosclerosis, and thus,
cardiovascular disease. The prevalence of hypertension in ischemic stroke, coronary or peripheral
artery disease lies reportedly around 60–90% depending on the localization of the atherosclerotic
lesion [18,19]. Arterial hypertension can be divided into two classes: primary or essential hypertension,
triggered by an interplay of underlying causes as well as secondary hypertension, caused by either
endocrinological disorders or stenosis of the renal arteries. While the causes of arterial hypertension
vary, the effect on the vascular system remains the same. It is currently unclear whether arterial
hypertension represents the cause of vascular dysfunction or the result of it; however, a bidirectional
interaction between hypertension and atherosclerosis appears the most likely explanation. Initial
evidence that endothelial dysfunction causes hypertension stems from early observations that the
inhibition of the endothelial nitric oxide synthase, which produces the potent vasodilator NO, leads
to hypertension in human subjects [20]. One key regulator of arterial blood pressure is identified in
the Renin-Angiotensin-Aldosterone system (RAAS), also regulating fluid and electrolyte homeostasis.
Here, Angiotensin II, the main effector peptide of this system, has been demonstrated to directly induce
endothelial dysfunction via the recruitment of macrophages to the vascular wall in a CCR2/MCP-1
dependent manner. Angiotensin II furthermore increases endothelial oxidative stress via NADPH
oxidase–derived superoxide anion production, predominantly by interacting with the endothelial
AT1A receptor [21–23].

Hypercholesterolemia represents an additional risk factor with increasing prevalence in the
development of cardiovascular disease [24,25]. Particularly, western style diets (high-fat and cholesterol,
high-protein, high-sugar) lead to an increase in cholesterol, LDL-levels and LDL/HDL ratios [26].
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Low density lipoproteins enter the vascular wall at predilection sites characterized by disturbed
blood flow and preexisting endothelial dysfunction [27]. Once LDLs enter the vascular wall, they
form complexes with proteoglycans (with versican, decorin, syndecan-4, biglycan and perlecan being
the predominant proteoglycans in the vascular wall [28]) via the interaction of the LDL-component
Apolipoprotein B [29]. This interaction facilitates changes to the lipid composition and the configuration
of Apolipoprotein B [30], which enhances the oxidation of LDL to oxidized LDL (oxLDL) via reactive
oxygen species generated by the activated endothelium and vascular smooth muscle cells [31]. This
oxidation step represents a prerequisite for the detection and phagocytosis of LDL-particles by
macrophages [32], leading to the formation of foam cells. This transformation increases the expression
of inflammatory cytokines and oxidative stress markers in those macrophages [33]. Furthermore,
oxLDL facilitates endothelial expression of leucocyte adhesion molecules (vacular cell adhesion protein
1, P-Selectin [34,35]) and cytokines [36], attracting additional macrophages, thus, enhancing the
inflammatory state of the atherosclerotic lesion.

The last main contributor to the development of atherosclerosis can be identified in diabetes
mellitus (DM). The hallmark feature of diabetes is the elevation of blood glucose levels (hyperglycemia).
One key effect of hyperglycemia lies in the increased formation of superoxides, which enhances
the oxidative stress of the vascular wall further. This process is partly mediated by the increased
formation of advanced glycation end products (AGEs). Advanced glycation end products occur
when excess glucose forms dicarbonyl compounds, which react spontaneously with amino groups of
proteins [37]. These AGEs then bind to their respective receptor (RAGE), expressed on endothelial
cells, macrophages and vascular smooth muscle cells. Particularly in endothelial cells, AGEs induce
the activation of the NAD(P)H-oxidase [38] and also the expression of adhesion proteins and cytokines
via the nuclear translocation of NFκB [39,40]. In macrophages, AGE-signaling enhances oxLDL uptake
via an upregulation of CD36 and Macrophage Scavenger Receptor Class A [41]. Additionally, RAGE
itself acts as an endothelial adhesion protein in concert with ICAM-1 [42], necessary for the adhesion
of leukocytes. Further mechanisms enhancing ROS production upon hyperglycemic conditions are to
be found in the Lipoxygenase pathway [43] and the Polypol pathway, respectively [44].

As discussed in the previous paragraphs, the formation of atherosclerotic lesions can be driven
by multiple interdependent risk factors. However, arterial hypertension, diabetes mellitus and
hypercholesterolemia also drastically change the functionality of the microcirculatory vessels, a fact
rarely pointed out as compared to classical large-vessel pathologies. Therefore, in the following
paragraphs we focus on the pathologies elicited by these risk factors in small vessels.

3. Hypertension, Hypercholesterolemia and Diabetes Mellitus in Capillaries: The Micro

Unlike larger vessels (arteries and veins), the smaller units of the vascular system lose their
classical three layered structure consisting of Tunica intima, Tunica media and Tunica adventitia. While
arterioles still contain a covering sheet of vascular smooth muscle cells throughout, capillaries are
only sporadically covered in pericytes, a sort of mural cell closely related to vascular smooth muscle
cells, but often lacking their contractile phenotype [45–47]. Venules on the other hand generally lack a
complete cover of vSMCs. In their biological function, pericytes further differ from vascular smooth
muscle cell layers due to their close interaction with endothelial cells. In the microcirculation, pericytes
represent key regulators of endothelial quiescence, predominantly by secreting the growth factor
Angiopoietin-1, which binds to the endothelial Tie-2 receptor [48]. Activation of this receptor tyrosine
kinase facilitates the expression of survival factors, such as Survivin, and suppressing the expression
of pro-apoptotic signaling molecules, like procaspase-9 and BAD (BCL2 Associated Agonist Of Cell
Death) in endothelial cells [49,50]. Furthermore, Angiopoietin-1 enhances the recruitment of additional
pericytes to the endothelial monolayer in a HB-EGF (heparin binding EGF like growth factor) and
HGF (hepatocyte growth factor) dependent positive feedback loop [51,52]. In addition to Ang-1,
pericytes regulate endothelial proliferation rates via TGF-β (transforming growth factor β) [53,54],
bFGF (basic fibroblast growth factor) [55] and VEGF (vascular endothelial growth factor) [56]. Of
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note, pathological stimuli such as inflammation, hypoxia and neoplasia generally do not manifest
themselves in a proliferation of mural cells in the microcirculation but, rather, a decrease in endothelial
pericyte coverage. While this loss in pericytes has been widely reported, their fate remains unknown.
Speculations range from de-differentiation to migration or apoptosis, depending on the particular
vascular bed and stimulus [57–60]. Furthermore, the influx of macrophages into the vessel wall and
subsequent transition into foam cells, one key driver in the development of atherosclerosis, does not
occur in the same way in capillaries, since there is no comparable structure – e.g., tunica media – in
these smallest vessels. These differences in morphology and in the reaction of pericytes to pathological
stimuli also have an impact on the functional and morphological changes of capillaries exposed to
those stimuli. However, while some reactions of the vascular system to the exposure to risk factors
still remain in effect in capillaries (increased expression of endothelial adhesion molecules and of
reactive oxygen species leading to a state of endothelial dysfunction), the following paragraphs
will focus on the specific differences between the microcirculation and larger vessels in response to
pro-atherosclerotic stimuli.

Arterial hypertension leads to an increase in the vascular pericyte coverage. Apart from this
enhancement of the number of pericytes, this cell type also undergoes a transformation into a more
vascular smooth muscle cell like phenotype, indicated by an increase in the expression of contractile
proteins [61,62]. This effect is in part mediated by an upregulation of the endothelial-derived growth
factor FGF-2 and interleukin-6 [63]. Interestingly, this increase is not accompanied by a gain in capillary
density, but rather the opposite. Capillary rarefication is routinely seen both in human as well as in
animal studies during arterial hypertension [64,65]. The growing number of pericytes and endothelial
coverage with pericytes during arterial hypertension however appears to be unique to the hypertensive
stimulus, since hypercholesterolemia, hyperglycemia and the subsequent inflammation elicited
generally leads to a drastic decrease in pericyte coverage. To this end, hypercholesterolemia leads to a
decrease in endothelial pericyte coverage in part via the downregulation of the endothelial NO synthase,
a potent driver of microvascular mural cell recruitment [66–68]. In addition, hypercholesterolemia
facilitates the above mentioned accumulation of reactive oxygen species and the increased recruitment
of leukocytes [69]. Other effects seen during states of increased lipid deposition are the reduction of
angiogenic sprouting via a downregulation of vascular endothelial growth factor (VEGF-A) and an
additional reduction of endothelial N-Cadherin, the key anchoring protein with which endothelial cells
and pericytes interact [70,71]. Diabetes as well seems to be associated with a drastic loss in pericytes. In
this context, pericyte loss represents a key feature in the case of diabetic retinopathy. This complication
of end-stage diabetes constitutes a well-studied phenomenon, due to the accessibility of the vascular
bed to investigation both in human specimens as well as animal models. In both, capillary rarefication
as well as a loss in pericytes is observed during diabetic retinopathy [72,73], while this process has
also been demonstrated in additional vascular beds [74], mediated in part by advanced glycation end
product accumulation [75].

4. Current and Future Treatment Strategies

Multiple therapies have been in clinical use to treat atherosclerotic lesions and the underlying
cardiovascular risk factors. Two treatment options can be destinguished: firstly, the treatment of
the predisposing factors causing atherosclerosis in order to reduce the progression of the disease
once diagnosed. For primary arterial hypertension a host of antihypertensive drugs are available
with varying efficacies and substance-class specific secondary effects. Notably, ACE-inhibitors and
angiotensin 2 receptor antagonists not only lower the blood pressure but also reduce the degree of
endothelial dysfunction by reducing leukocyte recruitment and the production of reactive oxygen
species [76], an effect also demonstrated for calcium channel blockers [77]. Antidiabetic drugs too
display pleiotropic effects beneficial for cardiovascular mortality. To this end, metformin and the novel
class of PCSK9 inhibitors additionally reduce reactive oxygen species production [78,79]. Lastly, the
pleiotropic effects of statins, the first line treatment option for hypercholesterolemia, have been well
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documented throughout the last decades. These drugs reduce endothelial cytokine production [80],
production of reactive oxygen species [81] and vascular smooth muscle cell proliferation [82].

Mechanical revascularization, either via bypass surgery or percutaneous angioplasty, represents
the second category in the treatment of atherosclerosis. These methods have demonstrated their
merit over time for both coronary as well as peripheral artery disease. However, while extensive
research has been undertaken to optimize surgery procedures and percutaneous vascular intervention
strategies, no-reflow phenomena routinely occur in patients undergoing revascularization both in
acute ischemic events as well as chronic vascular occlusion with rates varying from 2% up to 25%,
depending on the vascular bed and the abruptness of occlusion [83,84]. In the case of acute myocardial
or limb ischemia, these events can be attributed to a high thrombotic burden in the occluded vessel.
However, the predominant vascular risk factors for the development of atherosclerotic lesions can have
additional effects in the microcirculation as described above. In particular, the rarefication of capillaries
and the dysfunctionality of the remaining capillaries, leading to a dysfunctional downstream vessels
system, resulting in a drastic decrease in overall capillary diameter. This reduction in available runoff
contributes to low-flow phenomena through recently implanted stents and increase the risk of stent
thrombosis (see Figure 1).

Figure 1. (A) The healthy circulatory system is characterized by minimal lipid accumulation in larger
arteries and an overall low state of endothelial activation, leading to low levels of ROS production
and leukocyte recruitment. (B) Upon prolonged exposure to the atherosclerotic risk factors arterial
hypertension, hypercholesterolemia and diabetes, endothelial cells experience constant activation
enhancing leukocyte recruitment, oxidative stress and loss of pericytes in the microcirculation, leading
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to capillary rarefication, limiting the potential blood flow through the now sparse capillary network.
(C) Even after mechanical revascularization, via bypass operations or percutaneous angioplasty, the
capillary rarefication remains, continuously limiting blood flow, thus hindering the recovery of the
ischemic tissue and leaving newly opened vessels susceptible for restenosis and stent thrombosis.
Here, strategies to improve capillary density, and thus, microcirculatory flow, appear to be worthwhile
therapeutic targets in the treatment of atherosclerosis currently not yet addresses.

Consequently, therapeutic strategies to ameliorate capillary rarefication and improve the
functionality of the downstream capillary network need to be established. Since capillary stability
crucially relies on proper pericyte adhesion to the endothelial tube, factors increasing pericyte
abundance, as well as promoting angiogenic sprouting appear to be among the most promising targets
to reduce the loss in capillaries during chronic.

One such agent can be found in the small peptide Thymosin β4. Thymosin β4 was first identified
as an actin sequestering peptide binding G-actin in competition with Myocardin-related transcription
factor A (MRTF-A) [85]. MRTF-A in its unbound form, i.e., free of G-actin binding, is capable
to translocate into the nucleus, where it regulates the expression of SRF (serum response factor)
target genes, in particular CCN1 and CCN2 [86]. CCN1 and CCN2 have been shown to promote
angiogenic sprouting and vascular maturation via the recruitment of pericytes to newly formed
vessels [87,88]. Increasing either the availability of Thymosin β4 or MRTF-A can promote MRTF-A
nuclear translocation during chronic ischemia, as demonstrated in mouse and pig models of chronic
limb ischemia as well as myocardial ischemia and reperfusion and hibernating myocardium [74,86,89].
Interestingly, Thymosin β4 has proven successful in improving myocardial perfusion in a model
of chronic myocardial ischemia in otherwise healthy pigs and also hypercholesterolemic pigs and
transgenic diabetic pigs [74,89], indicating its potential in the treatment of patients with underlying
risk factors. Since arterial hypertension, hypercholesterolemia and diabetes mellitus are chronic
disease states, a long term treatment seems preferable under these conditions. Thus, recombinant
adeno-associated viral vectors (rAAV), as used in these studies, appear a favorable option, given
their ability to facilitate long-term transgene expression with minimal genomic integration and low
levels of host immune responses [90,91]. Another key regulator of angiogenic sprouting ameliorating
capillary rarefication can be identified in vascular endothelial growth factor A (VEGF-A). VEGF-A
promotes endothelial proliferation and tip-cell formation. However, long-term overexpression of
VEGF-A leads to the formation of hemangioma-like structures with poor perfusion [92]. This effect can
be prevented, when VEGF-A is administered as a combination treatment with a pericyte recruiting
agent, such as PDGF-B, which stabilize newly formed vessels via the integration of pericytes into
the sprouting vascular network [93]. Thus, a cotransfection of rabbits undergoing chronic hind limb
ischemia with both rAAV.PDGF-B as well as rAAV. VEGF-A can induce collateral growth, increases
capillary density and enhances the perfusion of the chronically occluded hind limb. Seeing as increased
VEGF-A levels over prolonged periods of time lead to the formation of dysfunctional vessel, other
modes of delivery might be advantageous. Overexpression of target genes in short bursts can be
achieved via the transfection of modified RNA, which contains alternative nucleotides (pseudouridine,
methylpseudouridine or 5-methyl-cytosine) to prevent TLR7/8 mediated host immune responses [94].
Using modRNA encoding for VEGF-A in mouse and pig models of chronic coronary occlusion, Carlsson
et al. demonstrated a robust and short term VEGF-A expression, leading to an increase in both capillary
and arteriole density. After proving the efficacy of an intramyocardial injection of VEGF-A modRNA,
Gan et al. demonstrated in a recent phase Ia/b clinical study in diabetic patients, that localized injection
of VEGF-A modRNA leads to a robust short term transgene expression without the induction of a
significant immunresponse while locally improving perfusion [95]. Thus, capillary rarefication and loss
of pericytes are treatment targets accessible for gene therapy approaches in vascular disease. However,
other disease states accompanied by capillary rarefication might profit from similar gene therapy
approaches, such as Duchenne muscular dystrophy (DMD). DMD is caused by mutations in the
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dystrophin gene, leading to the production of unstable, truncated and dysfunctional proteins [96,97].
While Duchenne muscular dystrophy is mostly recognized as a disease of the peripheral muscle and
myocardium, it is also accompanied by capillary rarefication. This process contributes to the dire health
status of patients afflicted by this genetic disorder by aggravating tissue ischemia [98]. In this context,
our group was able to demonstrate that pigs lacking the exon 52 of the dystrophin gene (DMDΔ52),
which leads to the expression of a similarly shortened and unstable dystrophin protein [99], also display
a decrease in tissue capillary density and pericyte coverage. Once treated with rAAV containing a
split Cas9 protein and guide RNAs targeting Exon 51, these animals not only regained expression of a
functional dystrophin gene, but also showed a drastic improvement of tissue capillarization, a process
accompanied by a reduction in CD68 positive macrophages (Figure 2, Moretti et al., Nature Medicine,
accepted for publishing).

Figure 2. Effect of in vivo genome editing via rAAV and Cas9 mediated deletion of exon 51 of Duchenne
muscular dystrophy on the vascularization and macrophage recruitment in the heart and upper
and lower hind limb in DMDΔ52 pigs. (A) staining for CD31 positive endothelial cells highlights a
significant decrease in capillary density in pigs suffering from Duchenne muscular dystrophy which
ins ameliorated in pigs receiving Cas9 mediated Exon 51 deletion thus restoring dystrophin expression.
(B) Similarly, edited DMD pigs display an amelioration of pericyte loss seen in dystrophin deficient
pigs. (C) Lastly, the reduction in both endothelial cells as well as pericytes in dystrophin deficient pigs
is accompanied by an increased recruitment of CD68 positive macrophages into the tissue, similarly to
the recruitment seen in atherosclerotic states, which is again reversed upon normalization of dystrophin
expression (*p < 0.05 versus wild type and DMD+rAAV.Cas9, error bars are given as SEM).

Interestingly, these findings combined highlight potential therapeutic strategies to target the rather
neglected pathophysiological changes mediated by atherosclerotic risk factors in the microcirculation
and represent a potential addition to the classical treatment strategies to ameliorate the disease burden
of vascular occlusive disease.

5. Conclusions

Atherosclerosis represents a multifactorial disease mainly driven by arterial hypertension,
hypercholesterolemia and diabetes mellitus, which, through the stenosis and occlusion of arteries,
leads to organ ischemia and thus constitutes a main driver of mortality worldwide. The three main
contributors to the development of atherosclerosis can originate from similar sources, such as sedentary
lifestyle, western diet and obesity and exerted damage to the vessel wall via distinct but overlapping
pathomechanisms. The hallmark of vascular alterations elicited by all three disease entities lies in the
endothelial dysfunction seen in atherosclerosis, which is largely driven by an increase in endothelial
activation with an elevated uptake of lipids, namely low-density lipoproteins, into the vascular wall.
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This process triggers the production of reactive oxygen species as well as the attraction of macrophages
to the site of plaque formation, leading to their transformation into foam cells. All of those pathological
alterations can enter into a positive feedback loop aggravating the development of plaque formation.
One additional component in this disease progression is the proliferation of vascular smooth muscle
cells, which can participate in the uptake of oxidized LDL and can also transform into foam cells,
which serve as a source for inflammatory cytokines, attracting more macrophages. Herein lies one key
difference between the macrocirculation (e.g., larger arteries) and the microcirculation exemplified by
capillaries. Capillaries are surrounded not by vascular smooth muscle cells but by pericytes, a cell
type related to vascular smooth muscle cells but with distinct functions in the vascular unit. Unlike
vSMCs, pericytes react to the pathological stimuli elicited by hyperglycemia and hypercholesterolemia
with a detachment from the underlying endothelium, resulting in further endothelial activation and
apoptosis. This leads to capillary rarefication and reduced blood flow due to a decrease in capillary
surface area.

Here, we highlighted potential therapeutic targets to improve microvascular dysfunction, namely
by expressing proangiogenic growth factors and pericyte chemoattractants, either combined in one
signaling molecule (as is the case for Thymosin β4) or in a cooperative fashion (such as the combined
overexpression of VEGF-A and PDGF-B), all of which are mediated by a recombinant adeno-associated
viral vector mediated overexpression, or the short-term burst expression of VEGF-A alone in the form
of VEGF-A encoding modified RNA.

Taken together, the microcirculatory changes during atherosclerosis warrant further investigation
and represent a worthwhile topic for additional studies.
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Abstract: Despite the important role that the growth hormone (GH)/IGF-I axis plays in vascular
homeostasis, these kind of growth factors barely appear in articles addressing the neovascularization
process. Currently, the vascular endothelium is considered as an authentic gland of internal
secretion due to the wide variety of released factors and functions with local effects, including the
paracrine/autocrine production of GH or IGF-I, for which the endothelium has specific receptors.
In this comprehensive review, the evidence involving these proangiogenic hormones in arteriogenesis
dealing with the arterial occlusion and making of them a potential therapy is described. All the
elements that trigger the local and systemic production of GH/IGF-I, as well as their possible roles
both in physiological and pathological conditions are analyzed. All of the evidence is combined
with important data from the GHAS trial, in which GH or a placebo were administrated to patients
suffering from critical limb ischemia with no option for revascularization. We postulate that GH,
alone or in combination, should be considered as a promising therapeutic agent for helping in the
approach of ischemic disease.

Keywords: GH and eNOS; IGF-I; oxidative stress and arterial inflammation; vascular homeostasis;
neovascularization; arteriogenesis; GHAS trial

1. Introduction

The fact that growth hormone (GH) is a necessary actor for many physiological processes and a
real breakthrough for the treatment of many pathological situations beyond simple human longitudinal
growth does not need justification [1]. Today, GH is considered a key hormone that acts in virtually all
organs and tissues, in which it performs important specific functions. From the current knowledge of
GH actions, it can be inferred that, overall, this hormone is a hormone for cell proliferation and survival.
The persistent GH secretion out of the growth period is clear proof of the importance of the actions of
this hormone at multiple levels, such as the gonads, liver, kidneys, nervous system, adipose tissue,
skeletal muscle, and bone, as well as on the cardiovascular, hematopoietic, and immune systems [1].

In fact, virtually all organs and tissues have receptors for this endocrine hormone, and the hormone
is also produced in practically all the cells of the organism, where it plays specific autocrine/paracrine
roles [1]. However, the sometimes-contradictory results of the use of GH in clinical trials only reflect
how little we know about how this hormone really works and how dependent it is on the physiological
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or pathological state and the microenvironment in which it is acting or the dose or time during
which GH is administered. In this review, we analyze the effects of GH on the cardiovascular system,
particularly on vascular homeostasis. Since IGF-I is an important mediator of GH actions, the role of
IGF-I on vascular homeostasis is also analyzed.

Much evidence supports the participation of local or circulating GH in vascular homeostasis,
because when a deficiency of this hormone is present, an endothelial dysfunction appears with serious
consequences; this is most likely the reason by which untreated GH-deficiency (GHD) is associated
with an increased risk of atherosclerosis and vascular mortality, while GH treatment may reverse early
atherosclerosis [2–5]. A recent study in subjects without GHD or any cardiovascular disease (CVD)
but with one or more CV risk factors (age, smoking, obesity, hypertension, dyslipidemia, and insulin
resistance) demonstrated that GH and its mediator IGF-I play a protective role in arterial wall changes
associated with vascular aging [6]. In fact, receptors for GH (GHR) and IGF-I (IGF-IR) are expressed
in the vascular endothelium [7–9], and some studies have suggested that GH itself is expressed in
this special gland of internal secretion [10,11]. These data indicate that GH and IGF-I have to play
a very important role in the maintenance of normal endothelial function. Endothelial dysfunction
in GHD has been demonstrated by an impaired flow-mediated dilation, which improved with GH
treatment [12], indicating that GH played a role in vascular reactivity [13], as had been shown by
the group of Napoli [14]. Additionally, GH treatment in GHD patients has also been found to lead
to the normalization of high arterial wall thickness and arterial stiffness in these patients [5], and it
normalizes a series of markers of endothelial dysfunction that are generally increased in untreated
GHD patients [15].

This brief introduction allows us to understand the very important role that GH plays in the
cardiovascular system, as it has been reviewed in several occasions [9,16,17]. Detrimental changes in
aging arteries negatively influence the ability to compensate after arterial occlusion [18], something
that has to be highlighted as occurring parallelly with the GH decline that is experienced as we get
older [1,19,20]. As is known, redox imbalance during aging is responsible for this negative effect
on arteries, and GH exerts many positive effects for counteracting it, as is demonstrated throughout
the text.

Hence, we review here how GH and its mediator IGF-I can act in the arterial wall to favor
normal physiological functioning, as well as how both molecules play an important role in collateral
remodeling after arterial occlusion. In addition, we bring to light some surprising data that may
have been overlooked so far in arteriogenesis with the aim of improving the understanding of, not
only of the typical role attributed to GH in the induction of endothelial nitric oxide synthase (eNOS)
and the production of NO, but also some ideas about the role of the redox system in the control of
homeostasis and vascular remodeling and to clarify how the vessels respond to shear stress forces
(SSF) to increase their final size with the participation of the GH/IGF-I system. Arteriogenesis will be
described underlining those aspects in which GH could help. Finally, we present some molecular data
obtained from the GHAS trial about the benefit of using GH as a rescue therapy in real patients with
critical limb ischemia without options for conventional revascularization.

2. Vascular Homeostasis: Role of the GH/IGFI Axis

A normal embryonic development needs the formation of blood vessels [21]; after birth, there is
also the need of the formation of new blood vessels while growing, as well as in some physiological
processes such as the menstrual cycle in women and the development of the mammary gland during
pregnancy [22]; however, apart from these situations, neovascularization rarely occurs in adulthood,
and, when it occurs, it is associated with pathological settings such as wounds, muscle injuries,
fractures, tumors and hypoxia/ischemia.

As seems logical, hypoxia is a very important stimulus for the growth of new blood vessels [23],
triggering this growth through hypoxia-inducible factors (HIF) that act on the expression of
pro-angiogenic factors but also of anti-angiogenic factors to achieve the perfect number and size of
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the vessels necessary to compensate for the lack of oxygen supply and to regenerate the tissue [23].
This is a clear and well-established fact of angiogenesis. However, when a progressive narrowing of
the vascular lumen appears, preexisting collaterals have to grow to compensate for the lack of distal
flow, which is triggered in a totally different way as described below. In any case, the stimulation of
eNOS that leads to the production of nitric oxide (NO) from the vascular endothelium seems to be
the key mediator for both kind of reparative processes. NO is a potent vasodilator, and it therefore
increases blood supply to the zone affected by hypoxia/ischemia. This implies changes in the vascular
tone, vasorelaxation, and vasopermeability, which are affected in arteries that suffer for atherosclerotic
damage. Interestingly, GH activates the NO pathway [14,24] through direct mechanisms that seem
to be specific and independent of the GH-mediator IGF-I [24], although initial studies had indicated
that the elevated plasma levels of IGF-I increase NO release in cultured endothelial cells (ECs) [25,26],
and more recent data have shown that both GH and IGF-I regulate the expression of eNOS in the
aorta of hypophysectomized rats [27]. Moreover, IGF-I has been shown to decrease the release of
pro-inflammatory cytokines, such as IL-1β and induce the release of anti-inflammatory cytokines such
as IL-10, at least in a model of induced pancreatitis [28]. At this point, it seems to be of interest to
indicate that the GH-secretagogue ghrelin also induces vasorelaxation by stimulating eNOS expression
in GHD rats [29]. Many studies have clearly shown that members of what we might call the GH system
(GH itself, IGF-I, GHR, IGF-IR, GH-secretagogues, and inhibitors of GH-signaling pathways) play a
key role in vascular homeostasis.

The mechanism by which GH acts at this level is explained further in the text and is schematized
in Figure 1. However, it is necessary to highlight that endocrine GH interacts with its membrane
receptor GHR and activates the associated JAK2/STAT5 (Janus kinase 2/signal transducer and activator
of transcription 5) and Src family kinases, leading to a cascade of tyrosine phosphorylation responsible
for mediating most of the effects of GH at the genomic level; it is especially involved in GH-induced cell
proliferation (for a more detailed explanation see [30,31]) and has been postulated as responsible of eNOS
activation [32], although this has not been demonstrated. Another key signaling pathway activated
by tyrosine phosphorylation after the interaction GH–GHR is that of PI3K/Akt (phosphoinositide
3-kinase/serine-threonine kinase), which is stimulated after activation by JAK2 of the insulin receptor
substrate (IRS) and is an inducer of eNOS activation and NO production [32]. Activated extracellular
signal-regulated kinase (ERK) translocates into the nucleus and regulates the expression of genes
involved in cell proliferation, differentiation, and survival, but it also, and perhaps more significantly,
regulates cell motility and migration [33], a mechanism that is very important for the formation of new
vessels, as we describe later. The interaction GH–GHR also induces the activation of the focal adhesion
kinase (FAK), which responsible for the reorganization of the cytoskeleton in many cell types [34,35],
although its effects on vascular ECs have not yet been demonstrated.
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Figure 1. Effects of growth hormone (GH) on the vascular endothelium. The interaction GH–GHR
(growth hormone receptor) produces the activation of the associated Janus kinase 2 (JAK2),
which induces the phosphorylation (red circles) of tyrosine located in the cytoplasmic receptor
domain, leading to the phosphorylation of GH-signaling pathways, such as signal transducers and
activators of transcription (STATS). Among STATS (STATS 1 and 3 not shown in the Figure), STAT5
homodimerizes and is translocated to the nucleus, where it induces the transcription of a series of
genes. Activated JAK2, acting on the insulin receptor substrate (IRS) induces the phosphorylation of
phosphoinositide 3-kinase (PI3K) which, in turn, activates the cell survival factor serine-threonine kinase
(Akt). This inhibits the proapoptotic enzyme Caspase 3 (red arrow), but it also activates endothelial
nitric oxide synthase (eNOS) (blue arrow). Activated eNOS promotes the synthesis of nitric oxide (NO)
(from L-Arginine and O2) and the formation of L-Citrulline. The formed NO flows from the cytoplasm
to the muscle cell layer of the blood vessels, producing its relaxation and consequent vasodilation.
The interaction GH–GHR also induces the activation of the Shc adapter proteins, which leads to the
activation of the Grb2–SOS–Ras–Raf–MEK–ERK (extracellular signal-regulated kinase) pathway (Raf is
not shown in the figure). Activated ERK translocates into the nucleus of the endothelial cells (ECs) and
regulates the expression of genes involved in cell proliferation, differentiation, and survival, but it also
regulates cell motility and migration (key for the formation of new vessels). The GH–GHR interaction
also activates focal adhesion kinase (FAK). SHP: protein tyrosine phosphatase. Blue arrows: stimulation.
Red arrow: inhibition. Black arrows: Translocation to the nucleus. 1: endocrine GH. 2: endothelial GH:
plays and auto/paracrine role and in situations of the absence of endocrine GH perhaps plays the role
of the former (black line).

Given the effects of GH on the production of endothelial NO, this GH-induced NO could be
expected to produce a toxic effect on the vascular endothelium in situations of high levels of oxidative
stress, since in these situations, NO can be transformed in superoxide ion (O2

–) that leads to the
production of peroxynitrite (ONOO–) and the hydroxyl radical OH(*), which have toxic effects in the
endothelium [36,37]. Both molecules are encompassed into the term hROS or highly reactive oxygen
species. As we see later in the text, the exact mechanism of the increase of NO bioavailability by GH,
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although not fully understood, could be mediated by modifying the action of prooxidative enzymes
such as NOX4. This is in agreement with previous studies that have demonstrated that GH has a
protective effect on mitochondria [38,39], which are the main source of oxidants within cells. This is
the reason why mitochondrial dysfunction leads to a greater generation of hROS, which, in turn,
contributes to the presentation of a senescent phenotype in ECs and to the activation of redox-sensitive
transcription factor nuclear factor-kappa B (NF-κB) [40], which decreases endothelium-induced
vasodilation and increases the expression of inflammatory genes in the vasculature of aged rats and
elderly humans [41,42]. However, as indicated above, plasma physiological levels of GH and IGF-I
modify the intracellular levels of oxidative stress [13,43,44]. These concepts are schematized in Figure 2.

 

Figure 2. Mitochondrial dysfunction leads to vascular endothelium senescence. An excessive
production of highly reactive oxygen species (hROS) by mitochondria induces the elimination of NO,
because it is transformed into peroxynitrite (ONOO–), which is toxic for endothelial cells. Moreover,
the excessive oxidative stress induces the activation of nuclear factor-kappa B (NF-kB), which increases
the expression of inflammatory genes in the blood vessels and decreases vasodilation. These lead
to the presentation of a senescent phenotype in the endothelial cells. GH administration corrects
mitochondrial dysfunction, because GH is able to enter to mitochondria and decrease the activity of
complexes II and IV of the mitochondrial respiratory chain. In addition, GH produces a decrease
in the mitochondrial membrane potential which translates into the release of cytochrome C (cyt C)
to the cytosol. Blue arrows: stimulation. Red arrows: inhibition or damage (in endothelial cells).
Orange arrow: indicates that an increase in hROS induces the transformation of NO into ONOO-.

In vitro studies have shown that GH and GHR are capable of translocating to mitochondria
through a pathway constituted by caveolae [45,46]. In isolated mitochondria, high concentrations
of GH can decrease mitochondrial O2

- production, most likely inducing a decrease in the activity of
complexes II and IV of the mitochondrial respiratory chain [46] and modulating the mitochondrial
membrane potential critical to maintain the physiological function of the respiratory chain to generate
ATP, because when this membrane potential collapses, the cytochrome C is released in the cytosol, and,
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therefore, the mitochondrial respiratory chain is affected (Figure 2). In fact, in mice with decreased GH
production, such as Ames dwarf mice, the production of hROS by mitochondria is increased in aortas
and NO production is decreased in comparison to the oxidative stress observed in wild type animals
with normal GH secretion; moreover, treatment with GH in cultured wild-type mice aortas and human
coronary arterial endothelial cells has been found to significantly reduce mitochondrial hROS and
to upregulate SOD (superoxide dismutase) genes and eNOS, providing an antioxidant phenotypic
change [47]. This agrees with previous data showing that GH significantly reduces the intracellular
production of hROS and increases NO release in cultures of a human endothelial cell line [8].

Therefore, it is clear that GH plays a positive role in the homeostasis of the vascular endothelium, not
only by increasing NO production but also by protecting the endothelium, acting at the mitochondrial
level, modulating oxidative stress. However, it has been described that this effect of GH does not
occur acutely—rather, it occurs after a time, at least in studies performed in vitro [7,48]. Though this
effect has not been properly studied in humans yet, we now provide some important insights from the
GHAS trial that support this action.

Since, as indicated above, GH is expressed in ECs, where it plays an autocrine/paracrine role,
one might think that the loss of the endocrine secretion of GH as we age could be compensated for
by the cellular expression of this hormone, but this has been only seen in breast carcinomas [11],
in which endothelial GH stimulates the proliferation, migration, survival, and capillary formation of
ECs. Hence, there are no data to prove the possibility of an effect of autocrine/paracrine endothelial
GH substituting the effects of endocrine GH in normal subjects. In addition, it is unknown how GH
expression is regulated in vascular ECs and whether the decrease in the endocrine production of this
hormone, in old people for instance, is accompanied by a deficit in its cellular production.

Another important effect of GH to explain its action on the vascular system is that exerted on
mesenchymal stem cells (MSCs). These cells have been thought to proceed from the bone marrow,
where they were identified in the past century [49], but we currently know that they can be found
in virtually all adult tissues [50–52], particularly in adipose tissue, where they seem to be located in
a perivascular zone close to pericytes and ECs [53,54]. This is very important because the external
layer of blood vessels, also called tunica adventitia and being for long relegated as a mere support
of the tunica media, is currently known to participate in vascular remodeling, since its cells can be
activated in response to injuries [55–57], hypoxia [58], and hypertension [59]. Though the activation
of adventitial progenitors mainly results in proliferation and differentiation into myofibroblasts that
migrate into the inner layers of the vascular wall, they also release paracrine factors that regulate
vascular remodeling [60]. MSCs also can differentiate into ECs in the presence of the vascular
endothelial growth factor A (VEGF-A) [61,62], a factor that plays many roles in cell differentiation,
proliferation, and angiogenesis. The relationships between GH and VEGF-A are not well known,
but GH plays a pivotal role among the factors that regulate VEGF family expression in humans [63].
In addition, GH regulates the expression of different genes involved in Notch-1 signaling, at least at
the ovarian level [63], and two Notch-1 ligands—delta-like protein Dl14 and Jagged 1—that directly
regulate angiogenesis in the endothelium [64,65]. Therefore, given the relationships existing between
Notch-1, VEGF-A, Notch-1, and GH, it is presumable that the differentiation of MSCs into ECs for
neovascularization and endothelium repair may involve the participation of GH (for a more detailed
explanation, see Figure 9 in reference [61]).

For vascular homeostasis to take place correctly, a negative regulation mechanism is also needed
to prevent an excess of intracellular signaling by GH after its interaction with its membrane receptor.
The negative regulation of GH signaling is mainly carried out by the intracellular protein tyrosine
phosphatases 1B and H1, suppressors of cytokine signaling (SOCS, 1, 2, and 3), sirtuin 1, activated STAT
protein inhibitors (1, 3, and 4), cytokine-induced SH2-containing protein (CIS), and tyrosine-protein
phosphatase non-receptor type 6 (PTPN6 also called SHP-1) [66] (Figure 1). Given the different systems
that act on the negative regulation of GH signaling pathways, there must be a perfect balance between
them to prevent a pathological situation from occurring.
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In summary, as we have just seen, GH plays a very important role in vascular homeostasis, acting
on NO production, protecting from oxidative stress, regulating cell proliferation, differentiation and
survival, regulating cell motility and migration, and inducing the differentiation of MSCs into vascular
ECs. Since GH secretion decreases until it almost disappears as we age, it seems logical to assume that
the loss of the hormone is one of the main causes of vascular problems that occur in old age.

3. Molecular Roles of GH/IGF-I in the Vascular Wall that Favor Arteriogenesis

3.1. GH/IGF-I Response to Shear Stress Forces (SSF): the Mechanosensing Pathway

In 2011, W. Schaper highlighted two key aspects of the arteriogenesis pathways: 1) only the
inhibition of the total production of NO could inhibit collateral growth; 2) the mitogenic agent for the
activation of smooth muscle cells (SMCs) from the vascular wall was still unknown. Though several
candidates were given, mainly fibroblastic growth factor (FGF) and platelet-derived growth factor
(PDGF), none met all the characteristics required [67]. However, considering the key role of the
GH/IGF-I axis in the vascular homeostasis for regulating eNOS and NO, as stated above, and since
both GH and IGF-I are potent mitogens [68] that are even stimulated by PDFG, perhaps both hormones
should be considered candidates to be that unknown mitogenic agent or agents, because there might
be more than one. Throughout this review, we try to present the evidence for this statement.

Since the discovery of the SSF as the main stimulator of collateral enlargement during arteriogenesis,
many investigations trying to find the connection between mechanical and biological aspects have been
developed. The genes involved in shear stress, activated by the stimulation of mechanical endothelial
receptors, have been proposed as sensitive elements to increase the redirected flow through collaterals
after arterial occlusion. However, some aspects have not yet been elucidated, as is the case of which
molecules mediate the mechanical signaling pathway; in other words, are there factors involved in the
arterial growth capable of being sensitive to mechanical forces? The answer to this question should be
yes, and some of these factors could be locally produced hormones. Evidence accumulated in the last
years has shown how the GH/IGF-I system can be regulated by multiple factors, such as growth factors,
cytokines, lipoproteins, reactive oxygen species, hormones, neurotransmitters, and hemodynamic
forces [69]. As is known, many patients with arterial hypertension develop left ventricle hypertrophy
and aortic wall thickening, while patients suffering an aorto-cava fistula develop the hypertrophy of
the right ventricle and an overload of the vena cava. Intuitively, one has to realize that something
must orchestrate this adaptation to the pressure or the changes produced by volume. Given the strong
mitogenic capacity of GH and IGF-I and the fact that there are many receptors for these hormones
in large vessels, such as the aorta or vena cava [68,70,71], there should be a cross-talk between these
hormones and hemodynamic forces. This hypothesis was demonstrated in an interesting study in
which a volume or pressure overload was applied to rats to study the gene expression of GH receptors
(GHR) and IGF-I mRNA in the vena cava and aorta. In the distended volume model of vena cava,
8-fold and 3.5-fold increases in IGF-I and GHR mRNA levels, respectively, were found compared to
control animals, as early as day four. Additionally, the IGF-I protein was located in SMCs. In the aortic
stress model, 4-fold and 5-fold increases in IGF-I and GHR mRNA, respectively, were found in aortas
under pressure on day seven. Both vena cava and aorta showed structural adaptations with a growth
response. This study was very important, since it represents a possible way of connection between the
mechanical and biological pathways, with the autocrine/paracrine production of GH/IGF-I playing a
major role. The increase in vascular wall stress, therefore, seems to trigger the overexpression of IGF-I
and GHR mRNA in large vessels [71]. These data are consistent with the finding in a model of aortic
coarctation in rats, in which an increase of more than double IGF-I levels was detected in blood vessels
on day seven that was persistent on day 21 and was accompanied by a growth of SMCs and ECs [72].
Thus, in this model, IGF-I plays a pivotal role in the wall vessel remodeling of the aorta under high
shear stress. Even more, the authors stated that IGF-I mRNA levels were also elevated in quiescent
aortic SMCs, which underlines the role of IGF-I as an autocrine growth factor for dynamic changes
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in the vascular wall [73]. An earlier report also showed the same data but in a rat model of femoral
artery overload, where a strong immunoreactivity for IGF-I was detected in the middle layer of the
left femoral artery 24 hours after the right femoral ligation, along with a significant decrease in the
expression of IGF-I in the occluded artery in the zone distal to the occlusion [74]. All these findings
provide evidence for a major role of autocrine/paracrine GH/IGF-I system in mediating vessel wall
growth during shear stress (Figure 3).

Figure 3. GH/IGF-I are also produced in response to shear stress forces (SSF) for collateral enlargement.
Schematic representation of the activation of several molecules after the increase in SSF in which GH
and IGF-1 have been added as new elements that enhance these mechanisms. Since GH and IGF-1
are potent mitogenic agents, they have to play a role in the translation of mechanosensing signals.
The NO pathway not only is important for vasodilation, as it also has many actions in chemoattraction
of inflammatory cells and vasopermeability. The local production of cytokines and hormones seems to
be essential for collateral enlargement. SSF: shear stress forces; SSRE: shear stress response elements;
eNOS: endothelial nitric oxide synthase; MCP-1: monocyte chemoattractant protein-1; CAM: cellular
adhesion molecules; NO: nitric oxide.

To perform its mitogenic function, GH has been shown to directly stimulate Src family kinases (SFK),
which in turn activate mitogen-activated protein kinase 1 (also known as extracellular signal-regulated
kinase 2 (ERK2) and mitogen-activated protein kinase 3 (also known as ERK1) through a phospholipase
Cγ–Ras pathway [75]. The prolactin (PRL) receptor similarly activates the same SFK signals [68], and it
is well known that GH interacts with the PRL receptor with the same affinity that it does with its
GHR [76].

All these adaptations in the vascular wall by GH/IGF-I may be supported by the fact that GH is
capable of modifying the aortic content and composition of collagen and elastin, and even its mechanical
behavior [77]. A decrease in collagen and elastin in the aorta wall can be detected in aged rats and
humans in parallel to the decrease in GH/IGF-I levels, although plasma IGF-I is still maintained at lower
levels, since its liver production does not exclusively depend on GH, which virtually disappears in the
elderly [1]. In fact, the administration of GH to aged female rats was found to augment the collagen
deposit by 300% and its turn-over in the media layer. It seems that the main mediator of this GH effect
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in the aorta is IGF-I, produced locally in SMCs. In the thoracic aorta of aged female rats, GH was found
to increase the ratio of collagen I/III, improving both the stiffness in those areas under high overload
and the extensibility in those with low overload, thus adjusting the aortic mechanical characteristics to
the overload [77]. These studies shed some light on the idea that local hormone production participates
in the regulation of structural adaptations of blood vessels under stress conditions; for this, the IGF-IR
number plays a major role for SMCs response. On the one hand, the increase in the expression of
IGF-IR by GH or other factors such as angiotensin II or FGF-2 is crucial for the mitogenic effects of
IGF-I on SMCs. On the other hand, factors such as Tumor Necrosis Factor alpha (TNF-α) or ox-LDLc
decrease IGF-IR, favoring SMCs apoptosis. Effectively, GH and IGF-I play a key role in vessels for the
growth and survival of SMCs, inhibiting apoptosis produced by mitochondrial dysfunction induced
by TNF-α and ox-LDLc [69].

3.2. GH and GHR: a Complex Regulation that Explains Different Results in the Studies Performed

Given the fact that many GHRs have been found in the vascular system, this organ must be a
special target for GH. In addition, it seems to be clear that many of the effects of GH on the vascular
wall are independent of IGF-I [7,8,76,78]. Indeed, although the GH/IGF-I axis is highly coordinated to
act in different tissues, both GH and IGF-I may have independent actions [79]. The type of secretion of
GH is another factor that influences the different actions of the hormone. That is, while pituitary GH is
secreted in pulses, some of them of great amplitude, autocrine GH is produced in small quantities and
almost continuously. These differences are responsible for the different effects that both types of GH
induce. For example, the oncogenic potential of GH seems to be associated only with local secretion
and not with the exogenously administered or pituitary hormone [11]. Effectively, both types of GH
production regulate gene expression in different ways [80], a fact that also implies differences in the
GHR-related signal transduction pathways [81].

Though GHRs have been found in different arterial layers, the endothelium seems to be the
place where these receptors have been found in a greater concentration. Interestingly, the GHR gene
is a hypoxia-inducible gene, since the overexpression of HIF-1α (hypoxia-inducible-factor-1-alpha)
increases its expression, suggesting that GHR may be involved in hypoxia-induced processes, such as
the generation of new vessels [82], although many factors can modulate the expression of the GHR
gene [83]. However, many of the GH actions in the artery media layer are mediated by IGF-I, especially
in SMCs [77], or they occur as a consequence of the diffusion of GH-generated signals from the
endothelial layer, such as the diffusion of NO.

One of the most interesting locations of GHR that supports the role of the hormone in physiological
arteriogenesis during adulthood is in the vessels of the endometrium, where GH seems to play an
important role favoring the creation and maintenance of vessels during every sexual cycle in fertile
women [63,84].

As widely described, GH induces eNOS expression and NO release in cultured human
ECs [8]. When L-nitroarginine methyl ester (L-NAME) is administered, GH loses its action on
NO, which confirms this main action on the endothelium [85]. To produce NO, eNOS has to be
phosphorylated on serine 1177 via PI3K/Akt and activated by a calcium-calmodulin [86]. Diffusing NO
triggers a soluble guanylyl cyclase into SMCs, increasing intracellular levels of cyclic GMP (cGMP) that
activates protein kinase G1 via the phosphorylation of the inositol-triphosphate receptor-associated
cGMP kinase and the sarcoplasmic reticulum ATPase. The consequence is that intracellular calcium
decreases leading to vascular relaxation and modification of the arterial tone [86,87], one of the most
important action of NO and GH, demonstrated after the arterial infusion of the hormone [14]. It has
to be underlined that eNOS activity is highly regulated in cells at the transcriptional level and by
other factors such as acylation and phosphorylation, or by protein–protein interactions [86]. However,
vasodilation is not the only benefit of NO on the vascular wall, since it facilitates vasopermeability (by
decreasing VE-cadherin activity) and the chemoattraction of monocytes, and it reduces lipoxygenase
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activity, ox-LDLc, platelet adhesion, and SMC proliferation and migration [13,88]. As described above,
NO is the main route used by GH to contribute to vascular homeostasis.

A high concentration of GHRs has been detected in the aorta, femoral, and carotid arteries, where
it mediates many GH effects by activating the JAK/STAT pathway, among others [68,70]. GH cannot
induce the transcription of IGF-1 in ECs [76], but this does not mean that GH does not interact
with IGF-I in the artery media layer as stated, where it precisely regulates the growth and survival
of SMCs mediated by IGF-I, for which SMCs have many receptors [69]. GHR is crucial for the
wide effects of GH, allowing the hormone to internalize in cells where GH triggers many signaling
pathways and influencing gene transcription. This internalization is facilitated by GH-binding proteins
(GHBP), the extracellular component of GHR. The concentration of GHRs determines the intensity
of GH signals, mainly when considering the eNOS–NO pathway. The higher the number of GHRs,
the greater the effect of GH. Nevertheless, there is a limit in which if more hormone is administered
the effect not only does not increase but decreases. For instance, it has been shown that 1 nmol/L
of GH produces 6.39 μmol/L NO, 10 nmol/L of GH produces 6.45 μmol/L NO, but 100 nmol/L of
GH produces 6.38 μmol/L NO [89,90]. It is important to point out that GH itself controls the gene
involved in the expression of its receptor and that this regulation depends on the time and dose of
hormone administration. This fact is important to understand the reasons why GH has different effects
depending on the dose and to understand why clinical trials with GH sometimes differ in their results.
As explained before, the relationship between GHR and GH is bidirectional, and GHBP binds to the
free hormone in the blood to control the amount of free GH that interacts with its receptor but also
to regulate GH clearance. Even inside the cells, GH actions are exhaustively regulated. This is an
important concept common to all the growth factors acting in the organism. The effects of GH on
GHR gene expression seem to be dependent on the time/dose of exposure in addition to the cell type
and whether the experiment is carried out in vivo or in vitro. However, GHR gene expression is even
more complex, as it is also influenced by other factors such as nutritional intake, steroids, or diabetes
mellitus. Furthermore, the GHR gene has multiple 5’ untranslated exons that are controlled by multiple
promoters, thus showing the complexity and high quality regulation of the gene expression of this
receptor [83].

3.3. GH/IGF-I may Favor Inflammation during Collateral Enlargement

During collateral enlargement, two types of cells are activated to achieve the great change,
and both endothelial and SMCs acquire a proliferative and secretory phenotype after a previous phase
of NO-dependent vasodilation because hemodynamic or short-term compensation always runs before
than that originated by growth factors or long-term compensation. While flow and metabolism control
is mainly carried out at the local level in physiological situations, when a pathological condition such
as ischemia is present, a systemic response (centered on redistribution of flow and microvascular
adaptations) is usually required [91]. That needs the neurohormonal axis effects. In both circumstances,
local and systemic GH/IGF-I is important for regulating short and long-term adaptations.

The inflammation of the collateral wall aims to achieve vascular remodeling. To do this, two
stages can be distinguished: First, ECs facilitate the inflammatory response in the vascular wall;
second, SMCs proliferate to increase the vessel size. It is not the aim of this chapter to describe the
whole process of arteriogenesis. However, it is necessary to highlight those aspects in which GH
could participate. For example, it has been described how monocytes, monocyte chemoattractant
protein-1 (MCP-1), and lymphocytes are crucial for vascular remodeling during arteriogenesis in the
inflammatory phase [92], since this process is not complete or is delayed when all these factors are
not present. It has been shown that GH strongly induces these cells and proteins [1,93,94], playing a
pivotal role in the chemotaxis and migration of human monocytes.

MCP-1 has been found elevated in blood samples from the collateral network of coronary
arteries [95], and it has been found to be transiently and selectively increased in the ischemic
muscle during the first three days after ischemia [96], which underlines its importance in arteriogenesis.
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The relationship between GH and MCP-1 has been conveniently studied and seems to be mediated by the
activation of both JAK2 and p44/42 mitogen-activated protein kinase (MAPK), since MCP-1 significantly
decreases in cells pretreated with the JAK2 inhibitor AG490 or MAPK inhibitor PD98050 [94]. In the
referred experimental study, MCP-1 mRNA levels increased up to 8 times after the administration of
a low dose of GH [94]. As is known, both MCP-1 and cell adhesion molecules (CAMs) play central
roles in igniting the arteriogenic process. The former play roles in the attraction of inflammatory cells,
and the latter play roles in the adhesion and invasion of the vascular wall by this type of cells.

CAMs are also related to GH, especially vascular cell adhesion molecule-1 (VCAM-1).
GH significantly increases the expression of VCAM, as demonstrated when serum from healthy patients
treated with the hormone is administered to cultured umbilical vein ECs [97]. An indirect mechanism
has been proposed to explain this action, one perhaps mediated by VEGF, IGF-I, or SDF-1 [16,76,91,98],
factors that upregulate CAMs [92]. This action has also been observed in adults with GHD, in which
GH replacement therapy significantly increases VCAM-1. Therefore, both MCP-1 and VCAM could be
modulated by GH, facilitating the first phase of arteriogenesis. In addition, CD34+ cells, also involved
in arteriogenesis [99], are stimulated by GH, both in number and function. In fact, circulating CD34+
are decreased in adults with GHD, which contributes to the endothelial dysfunction detected in these
patients. GH replacement therapy improves this dysfunction by correcting CD34+ cell depletion [100].

Almost all human immune cells express GHRs and produce its ligand that may act in an autocrine
or paracrine manner [101,102]. GH produced by immune cells has the same structure as that GH
found in the anterior pituitary gland [103]. In addition, immune cells have IGF-IRs and produce
IGF-I. This also supports the fact that GH could mediate the arteriogenic process, since monocytes and
T-lymphocytes are key cells for the inflammatory response needed for collateral enlargement [104,105]
(Figures 3 and 4). GH can favor the migration and invasion of immune cells to the vascular wall,
and once in the vascular wall, GH might directly or indirectly activate them to produce cytokines.

It is noteworthy that monocytes have to be activated to help in arteriogenesis, since when they
are transplanted directly from the blood in animal models of ischemia, they do not influence this
process. However, when these cells are previously activated by the monocyte colony stimulating
factor (M-CSF), collateral growth begins [108]. Thus, M-CSF favors a suitable environment for stable
monocytic function [18]. It has to be highlighted that GH is strongly related to M-CSF and that in vitro
and in vivo studies have shown that GH activates monocytes to produce cytokines and stimulates
the chemoattraction and random migration of the same even at picomolar concentrations of the
hormone [109]. The cellular pathway involved was demonstrated many years ago [110], as GH
stimulates the tyrosine phosphorylation of two proteins, p130Cas and CrkII, their association and
the association of other multiple tyrosine-phosphorylated proteins that end up activating the c-Jun
N-terminal kinase/stress-activated protein kinase (JNK/SAPK) [111]. Such a large multiprotein signaling
complex is not only the basis for activating monocytes but is also essential for other effects such as
cytoskeletal reorganization, cell migration, chemotaxis, mitogenesis, and/or the prevention of apoptosis
and gene transcription [110].

Monocytes can also have trophic effects on homeostasis, e.g., secreting CSF during growth [112],
suggesting that this factor interacts with the GH/IGF-I axis. Macrophages also produce IGF-I in
response to CSF-1 or GM-CSF, and IGF-IRs are highly expressed in macrophages stimulated by the
M-CSF family [105,113,114]. Despite this, the specific link between M-CSF family and GH has not yet
been properly studied, although it has been seen that many CSF-1-dependent macrophages are present
in the pituitary gland in the course of somatotropic cell development [115].
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Figure 4. Signaling cascades for collateral growth: The redox system can play a very important
role. Schematic representation of signaling cascades after an arterial occlusion, triggering both the
inflammatory response and the phenomena of the proliferation and migration of endothelial cells into
the artery media layer. Several pathways have been highlighted: Rho, involved in endothelial cells
proliferation; Ras, for endothelial cells migration; and NO, for endothelial function and monocytes
adhesion. The oxidative radicals produced in cellular metabolism are currently considered very
important in the stimulation of the NO pathway for vascular homeostasis. They control NO
bioavailability. The Rho pathway has been advocated as crucial for sensing of SSF. Caveolins:
family of integral membrane proteins that play a role in the signaling of integrins and in the migration
of endothelial cells. Cation channels, mainly the Ca2+ ion, are also related to the activation of Protein
kinase C (PKC) and the RAS/RAC (rats’ sarcoma-extracellular signal-regulated kinases/Ras-related
C3 botulinum toxin substrate). All signaling cascades are activated by SSF. For more details, see
reference [106,107]. NADPH oxidase: nicotinamide adenine dinucleotide phosphate oxidase; NO:
nitric oxide; PK-C: protein kinase C, Ras: rats’ sarcoma-extracellular signal-regulated kinases (currently
known as GTPase Ras); Rho, hexameric protein found in prokaryotes, necessary for the process of
terminating the transcription of some genes, Rac: Ras-related C3 botulinum toxin substrate (subfamily
of the Rho family); NF-kB: nuclear factor-kappa B. MAPK: mitogen-activated protein kinase.

3.4. GH/IGF-I and eNOS in Arteriogenesis. Insights from the GHAS Trial: is Redox Balance the Main Actor?

As described above, several signaling pathways work together to grow the collateral arteries,
and one of the most relevant, although with some contradictory results, is the NO pathway. This pathway
has been considered crucial for many years for collateral enlargement, both during the early and late
stages of arteriogenesis. Measuring several variables such as perfusion of the limb, the diameter of the
collateral artery, and the number and location of pericytes within the ischemic hindlimb, less recovery
of blood flow and a smaller collateral artery diameter have been demonstrated in the group of eNOS–/–

and L-NAME mice than in the wild-type. The pericytes barely appeared, and they did so in a random
pattern in the former groups compared to the wild-type [116]. Another fact that supports the role of
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this pathway in arteriogenesis is the finding of a lower eNOS expression both in the thigh and in the
gastrocnemius muscles in diabetic mice, which leads to reduced collateral enlargement. The reduced
expression of eNOS in diabetic mice (types 1 or 2) may contribute to the deficient arteriogenesis
and angiogenesis seen in these animals, while the treatment with thiazolidinediones, that increases
eNOS activity through the peroxisome proliferator-activated receptor gamma (PPARg) [117], restores
these deficient responses [116]. Animal models of ischemia after training support the important role
of eNOS and NO in arteriogenesis, with a greater effect than that induced by VEGF, because the
latter is a secondary factor for collateral growth and eNOS a primary factor. Conversely, the role of
eNOS in angiogenesis is less relevant, but VEGF also needs it to carry out its actions [118]. Therefore,
the difference in NO dependence is the key factor that distinguishes between both processes.

However, not all authors agree completely, since it seems that eNOS and NO could be of
great importance for the NO-mediated vasodilation of peripheral collateral vessels after arterial
occlusion, but their relevance seems to be minor for collateral enlargement. Tissue perfusion and
collateral-dependent blood flow was found significantly increased in mice overexpressing eNOS
compared to wild-type mice, but only immediately after ligation. In eNOS–/– mice, collateral-dependent
blood flow was found to remain poor until day seven, after which it recovered, thus suggesting a
delay but not a complete impairment of collateral growth. Besides, no differences in collateral arteries
between the three groups of mice were histologically confirmed at the end of the study, and the
administration of a NO donor induced vasodilation in the collateral arteries of eNOS–/– mice, but it
does not so in wild-type mice [119]. Interestingly, eNOS deficiency may be compensated for by iNOS
activity [67], and this might be the explanation of this finding and other different results. That is,
the exact role of eNOS is not fully understood. Nevertheless, some insights from the GHAS trial
(Eudract 2012-002228-34), performed by our group, could be useful to clarify the activity of eNOS
in humans. In this randomized, controlled, phase III trial, recombinant human growth hormone
(rhGH) (0.4 mg/day for eight weeks) or a placebo was administered to patients with critical limb
ischemia without revascularization options. The main characteristics of the patients studied are
outlined in Table 1, while Table 2 shows the specific characteristics of the patients once distributed in
each treatment group.

Table 1. Main characteristics of the patients recruited in the GHAS trial. Enrolled patients: patients
with informed consent; age: years old ± standard deviation; ABI: ankle–brachial index; CRF: chronic
renal failure; DM: diabetes mellitus; and rhGH: recombinant human growth hormone.

Enrolled
Patients

Sex Age (Mean ± SD) Comorbidity
Baseline ABI

(Mean)
Rutherford

class 5–6

36 Male: 28 71 ± 12.7 Heart disease:47% 0.19 70.6%
Female:8 DM:59%

Neuropathy:57.6%
CRF:26.5%

Therapy Dose
Duration of
treatment

Follow-up
Follow-up

Periods

rhGH vs.
Placebo 0.4 mg/day 8 weeks 12 months 0–2; 3–6; 7–12

months

Muscle samples from the calf of the ischemic limb were taken at baseline and just after finishing
the treatment of the patients. After analyzing mRNA expression of angiogenesis-related genes,
the molecular data showed us a surprising finding: In the group treated with GH (group A, green
bars), there was an increase in the level of eNOS mRNA compared to baseline, but this increase was
significantly lower than that detected in the placebo-treated patients (group B, blue bars). Parallelly,
a significant and strong decrease in NOX4 levels was only observed in the GH group (Figure 5);
this means that the activity of eNOS depends largely on the redox balance in the ischemic muscle, or,
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even more, that the arteriogenic growth of the vessels depends largely on the redox imbalance and that
GH, by correcting this stress, also reduces the signal that stimulates eNOS.

Table 2. Specific characteristics of the patients distributed by treatment groups studied in the GHAS trial.
A homogeneous distribution can be seen, except for tobacco consumption. HT: arterial hypertension;
DM: diabetes mellitus; CRF: chronic renal failure; HD: heart disease; n = sample size; y = year. Note that
in this table, we show data of 34 of 36 patients enrolled, because two patients died after the signing of
the informed consent.

Total GH Group
Placebo
Group

p Value

n % n % n % p

Age
< 65

65–80
> 80

14
8

12

41.18
23.53
35.29

6
3
9

33.33
16.67

50

8
5
3

50
31.25
18.75

0.1211

Gender Male
Female

27
7

79.41
20.59

13
5

72.22
27.78

14
2

87.5
12.5 0.2715

Etiology

Atherosclerosis
Buerger

Scleroderma
Mix

24
3
1
6

70.59
8.82
2.94

17.65

11
1
1
5

61.11
5.56
5.56
27.78

13
2
-
1

81.25
12.5

-
6.25

HT No
Yes

12
22

35.29
64.71

4
14

22.22
77.78

8
8

50
50 0.0907

DM No
Yes

14
20

41.18
58.82

6
12

33.33
66.67

8
8

50
50 0.3243

CRF No
Yes

25
9

73.53
26.47

13
5

72.22
27.78

12
4

75
25 0.8546

HD No
Yes

18
16

52.94
47.06

8
10

44.44
55.56

10
6

62.5
37.5 0.2924

Dialysis No
Yes

33
1

97.06
2.94

17
1

94.44
5.56

16
-

100
- 0.3386

Tobacco
No

Ex-smoker <1y
Smoker

24
2
8

70.59
5.88
23.53

16
1
1

88.89
5.56
5.56

8
1
7

50
6.25
43.75

0.0107

Rutherford

3
4
5
6

5
5

15
9

14.71
14.71
44.12
26.47

3
-
9
6

16.67
-

50
33.33

2
5
6
3

12.5
31.25
37.5

18.75

0.188

Rest Pain No
Yes

8
26

23.53
76.47

5
13

27.78
72.22

3
13

18.75
81.25 0.5356

Trophic
Lesion

No
Yes

11
23

32.35
67.65

3
15

16.67
83.33

8
3

50
50 0.0381

Neuropathy No
Yes

14
19

42.42
57.58

7
10

41.18
58.82

7
9

43.75
56.25 0.8812

This is an important concept because it indicates that there is an insensitivity to NO rather than
a real depletion of it or eNOS in patients with peripheral ischemia [120], and this finding matches
perfectly with the high redox stress and insensitivity to NO found by other authors in humans and
animals with peripheral arterial disease [121–123]. This is also consistent with the fact that an increased
oxidation can be seen in GHD-adults, secondary to an elevated activity of lipoxygenase activity and
ox-LDLc (the main source of atherosclerotic lesion of the arteries) as a consequence of NO depletion.
After GH replacement therapy, this redox alteration can be significantly reduced, together with the
recovery of a normal flow mediated dilation test, compared to pre-GH administration and control
patients [13]. At this point, it is of interest to remark that senescence, frequent in patients with
peripheral arterial disease, is like a GHD state.
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Figure 5. GH decreases the redox stress in ischemic muscles from the calf of patients with critical limb
ischemia. Insights from the GHAS trial. (a): shows the significant decrease in NOX4 mRNA levels
only seen in the GH-treated group (A, green bars) and not in Placebo-treated group (B, blue bars). (b):
depicts the significant increase in the levels of NOS3 (eNOS) mRNA during the period of treatment in
patients with placebo related to its baseline levels, while in the GH group (A), although there was also
an increase in NOS3 mRNA levels after the treatment, this increase was not significant. Samples from
soleus muscle. Group A: GH; Group B: placebo. Basal: baseline mRNA levels before treatment; final:
final mRNA levels after 8 weeks of treatment. Statistics: non-parametric test. Note that of the 36
patients initially recruited for the study, complete muscle samples (basal and final) were only obtained
from 28 of them as a result of deaths, limb amputations, or the patient´s refusal to allow for the second
biopsy. * indicates statistically significant.

Therefore, the important message here is the relevance that redox balance exerts on collateral
enlargement. As has been described, while small or acute redox stress, characterized by an elevated
production of reactive oxygen species (ROS)/reactive nitrogen species (RNS), seems to positively
influence neovascularization, a chronically high level of oxidation is detrimental for vascular
remodeling [124]. In the GHAS trial, patients under placebo treatment maintained a high level
of NOX4 and eNOS mRNAs in the calf muscle, trying to compensate for the decrease in NO
bioavailability. The administration of GH stopped this vicious circus, lowering the redox imbalance
and also increasing the bioavailability of NO without the need of an increase in the production of eNOS.
Indeed, the bioavailability of NO depends largely on the production of ROS, since they react with NO
to inactivate it, thus lowering its levels [32], which means that the negative regulation of redox stress
by GH in patients with critical limb ischemia increases the bioavailability of NO without a significant
elevation of eNOS in the ischemic skeletal muscle. This unexpected finding highlights the dynamic role
of redox balance in vascular homeostasis. Typically, NOX4 is upregulated in cells by SSF, hypoxemia,
or cytokines like TNF-α, and the latter is usually elevated in patients with ischemic process [125],
favoring the inflammation and phosphorylation of eNOS, which reduces NO production [126].

In the GHAS trial, GH also significantly reduced the circulating levels of the inflammatory marker
TNF-α in blood samples, which is consistent with other studies [127,128] and with the fact that GH
improves redox balance (Table 3). The deleterious effects of TNF-α in these circumstances have been
described, including the elevation of intracellular SOCS [91] and the diminishment of IGF-I and SMCs
in the vascular wall [69]. GH, as seen, could correct these negative effects, decreasing TNF-α levels.
Though proinflammatory activity has also been seen for GH, this is something that occurs when high
levels of the hormone are considered, demonstrating, once again, that the role of GH depends on its
physiological or pathological concentrations and on whether the morbid condition is stablished acutely
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or chronically [129]. However, C reactive protein (CRP) did not significantly change at the end of the
treatment compared to the placebo. It has to be noted that this marker has a different meaning than
TNF-α and that the levels of CRP were found to be significantly elevated in the GH group at baseline
compared to the placebo group, which could have influenced the final results.

Table 3. GH decreases excess inflammation by lowering the circulating levels of TNF-α in patients
with critical limb ischemia. Insights from the GHAS trial. Evolution of plasmatic levels of TNF-α
and C reactive protein (CRP) in the GHAS trial after 8 weeks of treatment. TNF-α was significantly
elevated in patients treated with GH compared to the placebo at baseline, which means that severe
ischemia is accompanied by an increase in inflammation. In addition, inflammation was more severe
in the group treated with GH, which was seen by the fact that levels of both TNF-α and CRP were
significantly elevated at baseline in the GH group as compared to the placebo group. However, after 8
weeks of treatment, only patients receiving GH showed a significant decrease of circulating levels
of TNF-α (TNF-α final), while CRP levels did not significantly change compared to baseline levels.
TNF-α baseline: TNF-α levels at baseline (time before administering the treatment); TNF-α final: TNF-α
levels after 8 weeks of treatment. Determination of TNF-α plasmatic levels: ELISA test (Quantikine,
R&D Systems). Normal reference value for TNF-α levels: <8.1 pg/mL. Obs.: number of patients
analyzed. SD: standard deviation. CRP: C-reactive protein (mg/L), normal values: < 1 mg/L. Note that
only 32 of 36 patients in the GHAS trial had available baseline data of these markers. At the end of the
treatment, there were some missed samples as a consequence of deaths or patient´s refusal to obtain
the blood sample.

GH-Treated Placebo

Obs. Mean SD Obs. Mean SD p Value

TNF -α
Baseline 16 12.35 5.2 16 8.78 3.94 0.018

TNF -α Final 15 10.92 5.12 14 8.04 3.6 0.046

CRP Baseline 16 2.07 2.86 16 0.78 0.69 0.045

CRP Final 15 1.1 1.34 14 3.42 7.51 0.218

Regarding ischemic disease, authors sometime do not agree because they do not describe the
same phenomenon, since an acute injury is normally produced in an animal model of ischemia, while a
chronic process is usually developed in a human being with peripheral or coronary artery disease.
In fact, in the human heart, after acute coronary occlusion, the arteriogenic phenomenon is very fast,
just like in animal models, taking between one and two weeks for the great majority of patients [130];
meanwhile, in chronic ischemia, the collateral enlargement takes several months [131]. This is a concept
that needs to be highlighted, as in the chronic ischemic state, due to the lower and slower activation of
the physiological compensation that is impaired by age, GH could be useful by enhancing all these
mechanisms and improving distal flow.

In a study in which animal models of acute and chronic ischemia were used simultaneously, it was
shown that the mechanisms that regulate blood flow recovery, gene expression, macrophage infiltration,
and hemangiocyte recruitment are critically different, since they depend on the arterial occlusion
rate and the mechanisms that regulate the recovery of blood flow [132]. The most important finding
in that study was that MCP-1 or shear stress-induced genes like eNOS or Egr-1 are not sufficiently
activated to induce collateral artery enlargement in the model of gradual ischemia, since SSF through
collaterals is weaker compared to that in an acute ischemia model; additionally eNOS or MCP-1 are
less stimulated in gradual or chronic ischemia than in the acute process at the thigh, the place where
collateral growth mainly takes place. Though the upregulation of VEGF and PlGF is found in acute
models, particularly important are eNOS and KDR/Flk-1 in the remodeling of vessels [118], while
in humans, as stated above, it seems that lowering the redox imbalance could be more profitable.
Interestingly, in the GHAS trial, we also found a parallel and significant increase of VEGFA-R2 or
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KDR/flk-1 mRNA levels from muscle samples in the GH group (group A) compared to the placebo
group (group B) (Figure 6A), which confirmed the action of VEGFA, a finding consistent to that
from animal models of hindlimb ischemia treated with the IGF-I plasmid [133]. This effect could
be dependent of IGF-I, but we hypothesize that it is a direct action of GH on the muscle, because a
parallel increase in IGF-I mRNA level has not been found, at least at the time in which muscle samples
were obtained (Figure 6B). However, the elevation in KDR/flk-1 was not accompanied by a parallel
significant increase of VEGFA mRNA levels after two months of treatment (Figure 6C). This fact could
have an explanation. Knowing that VEGFA mRNA levels decrease after stimulation with very low
levels within the fourth week [134,135], it is easy to understand that, muscle sample were obtained
when the levels of this factor had already declined (at eight weeks), overlooking any possible elevation
produced during the previous month.

This finding is also very important, as it has been advocated that the differences between VEGF
action in different tissues might be determined by the number of its receptors rather than by the levels
of VEGF [136]. VEGF receptors are usually normal in patients with peripheral arterial disease in the
calf [137], albeit with controversial results; meanwhile in acute ischemia, VEGF and VEGFR-2 are
diffusely expressed in the affected muscle, as in skeletal muscle that recovers from chronic ischemia,
the former factors are restricted to atrophic and regenerating muscle areas [138]. This is consistent
with the fact that KDR/Flk-1 expression appears in macrophages and fibroblast cells found in the
necrotic area after myocardial infarction [139]. Here, we present clear evidence that VEGF is not
normally augmented in distal limb muscles under chronic ischemia, as compared to control muscle
samples obtained from limb amputations in non-ischemic patients, and that GH can increase VEGF
actions through, at least, a raise of the KDR receptor, also favoring muscle regeneration accompanying
vascular development. As is known, KDR mediates most VEGF actions on mitogenesis, survival,
and permeability at the vascular wall, being mainly expressed in ECs but also in macrophages and
SMCs. This receptor has also been found in myocytes from skeletal muscles, both in the membrane and
in the cytoplasm [138], and KDR can be derived from myocytes; from this point of view, GH could act
more at the muscular level rather than at the vascular one. However, recent experimental studies could
support the fact that GH acts at the vascular level when the KDR receptor increases. First, this receptor
appears to be a critical mediator for the action of extracellular RNA (eRNA) and the von Willebrand
factor (VWF) released by ECs for the recruitment of leukocytes that initiate arteriogenesis in response
to fluid shear stress [140]. Secondly, this receptor also seems to be important for the action of mast
cells that, after activation, release VEGFA [141]. Therefore, the finding in our study of an increase in
mRNA levels of VEGFA-R2 or KDR by GH must necessarily be related to the facilitation of the action
of these molecules.

In any case, as is known, the increase in SSF after an arterial occlusion triggers the NO pathway,
which inhibits the expression of VE-cadherin, which responsible for maintaining vascular membrane
integrity and, therefore, increasing vascular permeability and the invasion by inflammatory cells of the
vascular wall [142]. Both the disruption of endothelial junctions and the remodeling of the cytoskeleton
are necessary factors for vascular permeability and the NO released by the endothelium is crucial.
One approximation of the involved molecular mechanism has been shown in a study in which the
lack of eNOS reduces VEGF-induced permeability that is mediated by an increase of the Rac GTPase
activation. NO depletion impairs the recruitment of the guanine-nucleotide-exchange factor (GEF)
TIAM1 to adherent junctions and VE-cadherin, and it reduces Rho activation. NO is crucial for the
regulation of the Rho GTPase-dependent cytoskeleton architecture and its action leads to reversible
changes in vascular permeability. It seems to be clear that when NO is inhibited, flow-induced
arteriogenesis is also interrupted [118].
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Figure 6. GH increases VEFGA-R2 or KDR/Flk-1 mRNA levels in ischemic muscles of patients with
critical limb ischemia without apparent changes in IGF-I and vascular endothelial growth factor A
(VEGFA) mRNA levels. Insights from the GHAS trial. (A). VEFG-R2 or KDR/Flk-1 mRNA levels in
the GHAS trial. The left graph shows the baseline levels between both groups of treatment with no
significant differences. In the right graph, a significant increase in KDR mRNA levels in the GH group
compared to the placebo group were found during the period of treatment (8 weeks). (B). IGF-I mRNA
levels in the GHAS trial. The graph on the left shows levels of IGF-I at baseline in ischemic vs
non-ischemic muscle samples with no differences. The graph on the right shows the lack of changes in
any group of treatment during the period of treatment. (C). VEGFA mRNA levels in the GHAS trial.
The left graph depicts the comparation between VEGFA levels in ischemic vs non-ischemic muscle
samples in the calf at baseline. The right graph depicts the lack of significant changes after 8 weeks
of treatment. Group A, green bars: GH; Group B, blue bars: placebo. Non-ischemic muscle samples:
sample of reference obtained from amputations in patients without limb ischemia. Commercial pool
mRNA: a commercial mRNA from skeletal muscle used as a technical control for normalization of the
different assays. A non-parametric test was used for the statistics. Note that although at the beginning
of the study there were data from 35 muscle samples, at the end of this study, there were only complete
data from 28 patients (basal and final samples). * indicates statistically significant.
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3.5. GH and CXCL12 (SDF-1): A Potential Collaboration for Collateral Growth

Another cytokine that plays an important role in arteriogenesis is SDF-1. This cytokine, produced
mainly in platelets, can stimulate collateral growth in several ways. The role of SDF-1 was analyzed in a
double animal model of ischemia with both types of processes, acute and gradual, and seems to have a
less important function than expected since in the gradual model of ischemia in mice, a smaller increase
in SDF-1 was found in both the thigh and calf compared to what occurs in the acute process [132].
However, in another interesting experimental study in mice, an important action of this molecule and
its receptor, CXCR4, has been recently been described that could help to understand the real role of this
cytokine in arteriogenesis [141]. SDF-1, released by activated platelets, recruits perivascular mast cells
by interacting with CXCR-4, and mast cells are responsible for boosting the arteriogenic process by two
main mechanisms: On the one hand, they recruit neutrophils, monocytes, and T cells in the vascular
wall, and on the other hand, they directly release growth factors, mainly MCP-1 and VEGFA, that
stimulate vascular remodeling. Therefore, SDF-1 could promote the inflammatory microenvironment
necessary for collateral enlargement by recruiting perivascular mast cells that could play a key role
that has never been clearly described. In addition, platelets facilitate the extravasation of neutrophils
via GPIbα and uPA receptors, which in turn, activate mast cell degradation by releasing ROS. This is
an important finding, and it represents another possible connection between shear stress (mechanical
signal) and vascular growth (chemical signal) [141].

From this point of view, particularly striking is the relationship between SDF-1 and GH, since
the receptor for SDF-1 (CXCR4) has been found in pituitary somatotrophs, where SDF-1 activates
the expression of the GH gene and the production and secretion of GH from the anterior pituitary,
regulating the normal physiological function of GH cells. In fact, when SDF-1β was administered
to rats, both alone or with GHRH, the production of GH from the pituitary gland was increased by
2.5–3.5 times in a dose-dependent manner [143]. Interestingly, despite the different types of cells in
the anterior pituitary gland, only somatotrophs express CXCR4. That means that SDF-1 and GH are
closely related, at least at the pituitary level. The cellular mechanisms responsible for this stimulation
have been studied in GH4C1 cells, showing two possible pathways: the Ca++-independent stimulation
of ERK1/2 activity and the Ca++-dependent activation of Pyk2 and BKCa [144]. This positive relation is
also supported by the finding that GH stimulates SDF-1, since high levels of the same can be seen in
the thymus of GH-transgenic mice and in cultured primary thymic epithelial cells derived from these
animals, as compared to age-matched wild-type counterparts. Additionally, thymocytes migration
induced by SDF-1 is improved when these cells are exposed to GH [145]. Since both SDF-1 and
GH are coordinated during embryological development for vasculogenesis and for immune system
function [16,145], it is tempting to speculate that both may act together in situations such as ischemic
injuries, mainly stimulating and leading the migration of macrophages, lymphocytes, and, probably,
mast cells to the vascular wall during collateral enlargement.

The finding of Chillo et al. [141] about the possible role of mast cell on arteriogenesis by
orchestrating leukocyte function has to be underlined again and could also support our finding of an
increase of KDR/Flk-1 in human muscle samples. Mast cells activated by shear stress release VEGFA
into the vascular wall that needs its receptor to achieve its action. In addition, as described before,
KDR/Flk-1 is a critical factor for mechanotransduction because it induces the release of VWF by ECs.
Therefore, GH must be a mediator in this context, enhancing ECs and mast cell activity.

3.6. GH and Mesenchymal Stem Cells (MSCs)

Another intriguing relationship of GH is that which the hormone has with MSCs. These cells
migrate in the embryo to the newly formed vessels to release growth factors and stabilize the new
vascular network, since they can differentiate into pericytes. However, these cells do not disappear
in the postnatal period, and they can be identified in adults in many tissues, especially in the bone
marrow but also in adipose tissue or in muscles near vascular structures. In adults, MSCs are also
called resident stem cells and constitute a reserve to replace damaged cells because they are capable
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of differentiating into a wide variety of cellular types, which is why they have been advocated in
tissue-regenerative therapies [146]. MSCs have also been utilized for limb ischemia in both animals and
humans with a low level of benefit so far [147–150]. To improve their potential, some researchers have
defended their combination with GH. First, as described, GHR have been found in these progenitor
cells [151], facilitating differentiation and growth factor secretion from MSCs by GH. For example, it
has been shown that MSCs that overexpress Akt improve their functions, increasing the power to
repair damaged myocardium despite infrequent cellular fusion or differentiation [152]. However,
MSCs, rather than stimulate growth factor secretion, facilitate the release of growth factors from
surrounding tissues [149]. This insight confirms that paracrine mechanisms mediated by MSCs are
authentic players in enhancing the survival of existing myocytes and that we could act on cytokines and
growth factor secretion by stimulating the Akt pathway. GH might favor the stimulus of this signaling
pathway in MSCs. In fact, knockout mice with a GH receptor (GHRKO) have shown how MSCs tend
to differentiate into adipocytes, partially losing their potential, both in bone marrow and peripheral
tissues. The Wnt/β-catenin signaling pathway seems to increase when GH is present, suggesting
that it has a role in the modulation of MSCs’ fate by GH [153]. This fact has also been confirmed in
MSCs of human trabecular bones. Human bone marrow MSCs express GHR and respond to GH via
JAK2/STAT5 intracellular signaling [154]. These findings support the idea that MSC activity might
be modulated with independence of the origin of these cells and that GH can be a true stimulator
for them. Thus, since MSCs are essential for vasculogenesis, they could also be crucial during adult
arteriogenesis due to the similarity between both processes, and GH could be of help to increase the
potential and modulate the action of MSCs or even to facilitate their differentiation in SMCs that favor
collateral growth.

3.7. GH and Extracellular Matrix (ECM)

Collateral remodeling is the final step for arteriogenesis, and it occurs mainly in the media and
adventitia layers. SMCs and fibroblasts play the main role in this phase, in which the external elastic
lamina and the adventitia elastin are degraded by proteolytic enzymes such as metalloproteinases
(MMP) and plasmin to make room for the growing vessel. FGF-2 or IGF-I, among others, trigger the
maturation and proliferation of fibroblasts and SMCs [155]. Cell migration is key for both angiogenesis
and arteriogenesis. However, migrating cells need of a scaffold to do so. For this, the extracellular
matrix (ECM) plays a pivotal role, and GH can regulate it [156,157]. For instance, when the hormone is
administered to cultured human SMCs, it produces a direct and dose-dependent increase of hyaluronic
acid and chondroitin [157]. That is, the remodeling process takes place by the dynamic restructuring
of the ECM with degradation and synthesis. GH, on the other hand, can act as a mitogenic factor,
also favoring the release of growth factors and the migration of a major players in this process such
as SMCs, fibroblasts, ECs, and the same macrophages in the vascular wall. In a study with cultured
murine thymic endothelioma cells (tEnd.1), treatment with GH for 24 h induced an increase in the
production of fibronectin and laminin from these ECs as compared to the control, and it also increased
the expression of ECM receptors for fibronectin and laminin, as well as the migratory activity of the
aforementioned cell line [156]. On the other hand, the activation of macrophages in the vascular wall
facilitate MMP production, influencing ECM degradation. All these data confirm the ability of GH to
influence ECM, playing an important role for vessel remodeling.

3.8. GH and NO-Independent Vascular Tone: the Role of Sympathetic System

Sympathetic innervation seems to be necessary for stabilizing vascular wall tone and cell
phenotype, since in sympathectomized vessels, both SMCs and fibroblasts increase in numbers with
collagen alterations (collagen III upregulation and collagen IV downregulation) [158]. This supports
the hypothesis that the autonomic system participates in vascular homeostasis. In GHD patients,
a marked increase in sympathetic activity has been found [159], but it tends to be reversed after GH
replacement therapy [160], suggesting that the hormone may regulate central sympathetic activity,

170



Cells 2020, 9, 807

thus affecting vascular peripheral resistance. When sympathetic activity is increased, collaterals
suffer an intimal thickening that diminishes SSF and collateral enlargement after ischemia [158].
In skeletal muscle arterioles from diabetic patients with neuropathy, an increased vasomotor tone
has been described, while a higher α-adrenergic tone has been found in the iliac artery of diabetic
animals [161,162]. Thereupon, proper innervation plays an important role in the development and
remodeling of blood vessels, although the exact mechanism of impaired arteriogenesis, when altered,
is still poorly understood.

That GH is related to the autonomous system has not only been described in GHD patients.
In healthy humans, sympathetic activation and baroreflex resetting were found after GHRH
administration in a microneurographic study of muscle sympathetic nerve activity as compared
to a placebo group at rest, whereas blood pressure and heart rate were not altered [163]. Therefore,
GH is related to sympathetic system during both the physiological and pathological situations of GH
secretion. These findings could help to understand the connections of GH with the vascular system
and the role of the hormone in arteriogenesis.

3.9. GH and Midkine (MDK) Relation should Be Investigated

Midkine (MK), a heparin-binding growth factor that seems to play an important role in
arteriogenesis by mediating eNOS activity and increasing the bioavailability of VEGFA [164], has also
been related with GH, as the expression of MK and its receptors have been detected in somatotrophs
of both embryonic and adult rats, favoring the development of the pituitary gland and acting as a
regulator of its function in adults [165]. MK seems to be secreted by follicle-stimulating cells in the
pituitary gland, controlling GH production from GH cells in a paracrine way via protein tyrosine
phosphatase receptor-type Z (Ptprz1) [166].

In MK-deficient mice, altered vascular remodeling has been seen due to the reduction in ECs
proliferation [167]. This means that ECs proliferation plays a pivotal role in correcting vascular growth,
and, as described before, GH is mainly involved in EC proliferation, participating, from this point of
view, in this mitogenic and proliferative process.

Given that GH is a major regulator of eNOS expression and NO production in ECs for vasodilation
that typically increases VEGF and KDR, and as a consequence of its participation in vascular homeostasis,
it is tempting to speculate that both MK and GH might work together to maintain vascular homeostasis,
as well as to activate vascular enlargement when an ischemic condition is present. MK could indirectly
promote vasodilation by increasing the bioavailability of GH in ECs [168]. However, this hypothesis is
not yet proved and needs confirmation.

3.10. GH and Klotho: the Perfect Combination?

Of interest is the special relationship between Klotho and GH. A comprehensive review of the
relation between GH and Klotho has been previously described [16,169]. Here, the intention is just
to highlight the importance of this relationship for arteriogenesis. As is known, Klotho is a type of
transmembrane full-length protein mainly found in the kidneys which can act remotely by generating
a circulating form (sKlotho) [170]. This form can work as a hormone that regulates the functions of
cells that lack this protein, such as ECs and arterial SMCs [171]. It is known that sKlotho increases
both GH production by the anterior pituitary [172] and the local production of the hormone by the
endothelium. Additionally, sKlotho inhibits the negative feedback of IGF-I on GH secretion [173].
Both molecules are essential for vascular homeostasis, as well as when this process is altered. It is
thought that the lack of Klotho production in chronic renal insufficiency is the reason for the aging and
calcification of the vessel wall, even in collaterals, and, in consequence, it impairs atherosclerosis and
arteriogenesis. In fact, mice overexpressing Klotho have a longer life expectancy due to the mentioned
effect of Klotho and its anti-IGF-I action [174]. Thus, Klotho stimulates GH while blocking IGF-I,
eliminating the deleterious effects of the latter. However, GH also exerts influences on Klotho levels, as
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patients with acromegaly show increased levels of Klotho, and they show a downregulation when the
GH-produced pituitary adenoma is removed [169].

Klotho seems to be important in physiological states but also in pathological ones, since mice
with Klotho deficiency show vascular hyperpermeability. This molecule seems to be necessary for
the control of the action of VEGF on the vascular permeability. At the level of the endothelium,
Klotho facilitates the association of both VEGFR2 and transient receptor potential canonical calcium
channel 1 (TRPC-1) by promoting their cointernalization and regulating calcium entry to maintain
homeostasis. Thus, KDR is needed by Klotho to accomplish its actions [175]. GH, as demonstrated
before, increases KDR in the ischemic muscle of the leg and could collaborate with Klotho this way by
facilitating this action.

Other important action of Klotho for arteriogenesis is that this factor also participates in the
regulation of vascular tone, as it compensates for the vasoconstrictor action of some factors such as
phosphates or FGF23 by increasing the production of NO [176], an action probably mediated by local
GH. Interestingly, while Klotho favors vascular contraction in aortic ring samples from mice in in vitro
studies by increasing ROS levels both in SMCs and ECs when is administered alone, the relaxation
phenomenon predominates if SMCs are pretreated with FGF23 or phosphates, while ROS levels remain
elevated. This is an effect that is mediated by an indirect NO production by Klotho from ECs stimulating
both eNOS and iNOS [176]. In fact, when the endothelium is removed, this effect disappears.

The above data supports again that redox stress contributes to the regulation of vascular
homeostasis, since eNOS is sensitive to ROS. It also supports the complex action that Klotho has
depending of its environment, as happens with GH. The other important message is the main role of
the ECs in the control of vascular tone and SMCs actions, and that Klotho and GH seem to collaborate
in physiological and pathological conditions such as ischemia, although this aspect has to be confirmed.

4. Conclusions

Vascular homeostasis critically depends on the physiological response of endothelial cells to blood
supply and the appropriate redox balance. The endothelium releases many factors to control vascular
tone, the adhesion of circulating blood cells, the proliferation of smooth muscle cells, and inflammation.

Why should GH be considered a promising therapeutic agent for neovascularization?
The GH/PRL/PL family regulates the physiological growth and regression of blood vessels in female
reproductive organs, and this fact strongly support its vascular role in neovascularization. There is no
doubt about the fact that the GH/IGF-I axis has to play an important role in neovascularization, both in
physiological and pathological states, as evidence here presented has underlined. This axis suffers an
important decline with aging, mainly affecting GH secretion. Considering that most patients with
ischemic injuries are elderly, GH therapy could be considered of help in improving vascularization
and mitigating symptoms.

However, information concerning the regulation of neovascularization by proangiogenic hormones
such as GH is insufficient, since few physiological or pathological conditions have been deeply studied,
with some exceptions. This fact could be explained by the use of different animal models of ischemia,
types of tissue analyzed, disease status, hormone doses, or follow-up times. These effects also depend on
the relative contribution of the local production of hormones or on the hormonal cleavage by proteases
in cells or the clearance of these hormones by kidneys when they are exogenously administered.
Surprisingly, data are also limited about endogenously produced antiangiogenic substances that
might be overexpressed in chronic states such as ischemia and that could act with a harmful effect on
GH actions.

The role of redox balance in arteriogenesis and how GH could aid in the mitigation of it were
analyzed. We also proposed the possibility that GH and IGF-I could be parts of those mitogenic factors
secreted by endothelial cells in response to shear stress forces. The large number of connections that
both molecules have with cytokines, hormones, and cells involved in neovascularization reinforce
their role in this process. Finally, in this review, it has been presented some molecular insights from the
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GHAS trial in patients with critical limb ischemia that correlate perfectly with recent publications on
arteriogenesis and that can help to understand the action of GH dealing with ischemia. Nevertheless,
the molecular results of this initial clinical study still need to be confirmed in larger studies.
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Abstract: Background: The vascular effects of training under blood flow restriction (BFR) in healthy
persons can serve as a model for the exercise mechanism in lower extremity arterial disease (LEAD)
patients. Both mechanisms are, inter alia, characterized by lower blood flow in the lower limbs. We aimed
to describe and compare the underlying mechanism of exercise-induced effects of disease- and external
application-BFR methods. Methods: We completed a narrative focus review after systematic literature
research. We included only studies on healthy participants or those with LEAD. Both male and female
adults were considered eligible. The target intervention was exercise with a reduced blood flow due
to disease or external application. Results: We identified 416 publications. After the application of
inclusion and exclusion criteria, 39 manuscripts were included in the vascular adaption part. Major
mechanisms involving exercise-mediated benefits in treating LEAD included: inflammatory processes
suppression, proinflammatory immune cells, improvement of endothelial function, remodeling of
skeletal muscle, and additional vascularization (arteriogenesis). Mechanisms resulting from external
BFR application included: increased release of anabolic growth factors, stimulated muscle protein
synthesis, higher concentrations of heat shock proteins and nitric oxide synthase, lower levels in
myostatin, and stimulation of S6K1. Conclusions: A main difference between the two comparators
is the venous blood return, which is restricted in BFR but not in LEAD. Major similarities include
the overall ischemic situation, the changes in microRNA (miRNA) expression, and the increased
production of NOS with their associated arteriogenesis after training with BFR.

Keywords: lower extremity arterial disease; peripheral arterial disease; blood flow restriction;
activity-based benefits; training effects; effect mechanism

1. Introduction

Of all deaths caused by major non-communicable diseases (coronary disease, type 2 diabetes,
breast, and colon cancer), a considerable share of up to 10 percent results from physical inactivity [1].
That results in 5.3 million out of 57 million deaths worldwide per year [1]. Approximately one-third
of the global population does not fulfil the minimum requirements for physical activity to maintain
health [2,3]. However, retrospective studies have suggested that regular physical activity is associated
with a lower risk of cardiovascular mortality and morbidity [4,5]. Prospective studies provide direct
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evidence that adopting a physically active lifestyle delays all-cause mortality, extends longevity [6],
and reduces risk for cardiovascular mortality by 42 to 44 percent [7,8]. Several vascular diseases
such as arteriosclerosis, thrombosis, embolic diseases, accidental vascular damages, or dissections
are known risk factors for LEAD [9]. Beyond that, smoking, diabetes, dyslipidemia, hypertension,
and, in particular, physical inactivity are major risk factors for LEAD [10,11]. Exercising and physical
activity are, thus, of great relevance in the context of LEAD.

Peripheral arterial disease is characterized by limited blood flow through the arteries supplying
the (usually lower) extremities. Peripheral arterial disease commonly refers to stenosis or occlusion of
the peripheral arteries. The global prevalence was estimated to be 202 million [11]. Approximately
30 percent of these individuals suffer from intermittent claudication and subsequent impairment of
mobility [12]. Major assessable impacts include impaired performance in lower extremity performance
tests and, due to its effect on everyday activities, a significant impairment of health-related quality of
life [13,14]. The walking performance of these patients is 50 percent or less lower [15]. In addition,
a lower peak oxygen uptake is approximately 50 percent lower in patients with intermittent claudication
as compared with the normal population [15]. There is clear evidence that supervised exercise therapies
aimed at improving lower extremity performance, including supervised exercise programs, home-based
walking interventions, and resistance training, improve lower limb symptoms and quality of life
among LEAD patients [13,14,16]. The training is effective if it takes place at least two times per week
over a period of three months [17]. A single training session should be approximately 45 min to
achieve cardiovascular adjustments [13]. A well-established screening tool for individuals with LEAD,
even when it is still in a mild asymptomatic state, is the measurement of ankle-brachial index (ABI).
In order to diagnose most individuals with LEAD, regular measurements of the ankle-brachial index
(ABI) in the whole population starting at an age of about 40 years seem to be useful [18].

The clinical manifestation and the clinical course of LEAD are heterogenous. Symptoms of
varying severity occur depending on the degree of stenosis and insufficiency of blood (i.e., oxygen)
supply to the distal tissues [19]. At a low grade of stenosis, LEAD usually remains clinically
asymptomatic and individuals do not have any adverse effects in their everyday activities. As the disease
progresses, LEAD is characterized by leg pain, induced during exercise or when walking (intermittent
claudication) [20]. At a higher grade of LEAD, the patients suffer from resting pain in the affected leg,
and in end stage from ulceration and gangrene of the foot (critical limb ischemia) [20]. Peripheral
arterial disease is a major cause of decreased mobility, functional capacity, quality of life, and increases
the risks of amputation or death [21,22]. This risk is triggered by the prevalence of atherosclerotic
manifestations in the coronary and cerebral circulation [22,23]. That leads to a high cardiovascular
mortality risk [24]. Therefore, the early identification and treatment of LEAD patients is one of the key
elements in LEAD therapy. According to international guidelines, any patient suffering from LEAD
should receive the best medical treatment (BMT), whereas in Fontaine stage I or IIA/B (Rutherford
1–3), conservative treatment by BMT and exercise training is recommended [10,25]. In higher stages of
LEAD, surgical or interventional treatment could be indicated.

Skeletal muscle is constantly adapting to its environment [26]. It responds to stress by stimulating
muscle development, and it responds to disuse with atrophy [27]. Traditional training methods use
loads greater than 70 percent of one repetition maximum (1RM) to stimulate muscle hypertrophy [26,28].
This is not be safe for all patients and healthy people who are unable to tolerate high-load resistance
due to stress, for example, placed on the joints and soft tissues. Therefore, there is adapted low-load
resistance training that can also stimulate the anabolic pathway. This training method with lower
loads, additionally, uses a blood flow restriction (BFR) to receive a similar stimulus than high-load
training. The BFR is, thereby, artificially induced, usually by applying a blood pressure cuff. The cuff
is attached at the origin of the target extremity (arms or legs). Low-load resistance training alone
has not been shown to promote muscle development, but when combined with BFR, positive effects
have been demonstrated to occur. A meta-analysis investigating 20 studies showed that low-load
BFR training was more effective at increased muscle strength as compared with low-load training
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alone [29]. In healthy populations, training under reduced blood flow aims to reach low-loaded
training effects comparable to those under high-loaded conditions. To achieve systematic effects during
BFR, a resistance load lower than that in classic (resistance/strength) training without using BFR is
used. An intensity of 20 percent of the one repetition maximum (the weight which can be moved
once over the total range of motion, 1RM) and a reduced training time of about four to eight weeks
have been demonstrated to have systematic effects on muscle hypertrophy and muscular strength [30].
More specifically, BFR training with a reduced load can lead to the same results as resistance training
with significantly higher loads (at 65% 1RM) and longer intervention time. In particular, increases
in muscle thickness and strength gains are comparable between these two strategies [31,32]. A wide
variety of suggested, known, and potential mechanisms of how BFR during exercise leads to training
benefits is given.

Both BFR and exercising with LEAD seems to elicit physical benefits over exercising effects
solely and combined with the reduced blood flow. This makes BFR a promising model for studying
exercise effects in LEAD patients without putting the vulnerable target population at an undue risk of
(for example) adverse events. There is a multitude of known, potential, and suggested mechanisms of
exercising during BFR or with LEAD, and therefore designing a study to prove one or more similarities
or differences is of importance in order to collect and present all known mechanisms. This could lead,
in a second step, to the selection of outcomes for experimental confirmatory studies.

Against this background, it is important (1) to identify the exercise-induced effects under both
blood flow reduced conditions (disease vs. external application) and (2) to compare the underlying
mechanism to point out differences and similarities. With this review on systematic reviews and original
data publications, we aim to describe the current evidence of vascular adaption due to training under
blood flow restriction.

2. Materials and Methods

This review adopts a narrative (focus) comparative design. A priori systematic literature research
was performed to find and select suitable evidence. We followed up-to-date guidelines for systematic
literature research.

2.1. Search Strategy

In July 2019, systematic literature research was performed. For that purpose, the peer review-based
bibliographic database MEDLINE (PubMed) was used. Two investigators (JV, KT) independently
searched for relevant primary and secondary analyses using the following predefined Boolean search
syntax, especially adaptable to PubMed): (“peripheral arterial disease” [All Fields] OR “intermittent
claudication” [All Fields] OR “blood flow restriction” [All Fields] OR “reduced blood flow” [All Fields])
AND (“effects” [All Fields] OR “exercise response” [All Fields] OR “mechanism” [All Fields] OR
“vascular adaption” [All Fields]) AND (“training” [All Fields]). An initial exploratory electronic
database search was conducted by the two reviewers to define the final search terms. Both reviewers
independently conducted the main research afterwards. The herewith identified studies were screened
for eligibility using (1) titles and (2) abstracts. The remaining full texts were assessed to ascertain
whether they are fulfilling the inclusion and not fulfilling the exclusion criteria. The search was
restricted to peer-review publications authored in English or German (publication date: 01.01.2010 to
02.07.2019). The references of all manuscripts included were screened for further sources with potential
relevance for the review.

2.2. Participants’ Inclusion Criteria

Both male and female adults (>18 years of age) were considered eligible. Participants had to be
healthy or LEAD patients. On participant level, no further inclusion criteria were applied.
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2.3. Study Inclusion Criteria

Primary and secondary data studies (RCTs, CTs, systematic reviews or meta-analyses,
cohort and case-control studies) were considered eligible if they adopted an (exercise, training,
physical activity, and movement) intervention that consisted of exercises without additional specific
treatment. Position papers, consensus papers, letters to the editor, and editorials were excluded.
Primary aim (of the studies to be included) had to be training with reduced blood flow due to disease
or external superficial (non-invasive) application.

2.4. Study Selection

All studies initially found were individually screened for relevance. Final inclusion (or exclusion)
into the review followed a standardized procedure: for each of the messages found in the literature,
the publication with the highest level of evidence (Oxford Centre for Evidence-Based Medicine,
Levels of Evidence) and the highest relevance was selected and included. The description of the results
and findings were, thus, preferably selected from systematic reviews, randomized controlled trials,
controlled trials, and cohort and case-control studies. The order followed a decrease in the evidence
levels, starting from Level 1 (meta-analyses and systematic reviews on RCTs) downwards to Level 5
(narrative reviews and consensus papers). The relevance rating was conducted based on the special
focus on vascular adaption and arteriogenesis. All types of controls were included; and no restrictions
were undertaken for outcomes.

3. Results and Discussion

3.1. Study Selection

We identified 416 manuscripts. After inclusion and exclusion criteria application and study
selection (evidence slope), n = 39 manuscripts were included in the vascular adaption part.

3.2. Evidence on LEAD and Exercise

As the major effect, exercise improves walking in patients with LEAD. More specifically, the walking
distance until pain occurs and the maximum walking distance can be improved with exercise therapy.
Beyond the general exercise effects, a variety of involved mechanisms for the effect of exercise on
walking ability have been proposed in studies investigating exercise in populations exposed to LEAD
risk factors such as suppression of inflammation, as shown by a decrease in circulating chemokines
(interleukin (IL)-8 and monocyte chemoattractant protein-1) after endurance training [33]. A decrease in
number of proinflammatory immune cells (leucocytes, monocytes, and neutrophils) has been observed
in overweight participants [34,35].

Furthermore, an improvement in the endothelial function in hypertensive patients [36] was
attributed to an improved endothelium-dependent vasorelaxation. The latter was triggered through
an increase in the release of nitric oxide. A remodeling of the involved skeletal muscles during
strength training in LEAD patients [37,38] affects not only muscle histology but also their metabolism.
The remodeling characteristics in skeletal muscle are as follows: change in capillary density, alterations
in the ratio of type I to type II muscle fibers, arteriogenesis, and increases in mitochondrial activity [37,39].

3.2.1. Neovascularization

Beyond that, physical training has the potential to promote neovascularization in hypoxic and ischemic
tissues, such as in the myocardium or peripheral limbs [40,41]. Two forms of neovascularization can
be distinguished, angiogenesis and arteriogenesis. Angiogenesis is driven by hypoxia and is usually
characterized by the sprouting of newly formed capillaries [42]. Arteriogenesis is defined as the growth of
functional collateral arteries from pre-existing arterio-arteriolar anastomoses [43]. The latter, arteriogenesis,
can be induced by exercise, in humans [44–46], rats [46], and in mice [25,47]. A fluid shear stress-associated
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transient receptor potential cation channel, subfamily V, member 4 (trpv4) [48], turned out to be upregulated
transiently after endurance training [46].

3.2.2. Fluid Shear Stress

The driving force of arteriogenesis is the altered fluid shear stress (FSS) in preformed collateral
arteries. It is triggered by increased blood flow [49]. Although this FSS can be impacted by exercise
training, the initiation of vascular remodeling and diameter growth [50] remains incomplete. The FSS,
as well as the induction of related molecules, returned to baseline values already 6 h post exercise.
A more frequent exercise to chronically increase FSS was proposed to be required for sufficient
arteriogenesis to compensate for a peripheral occlusion [46].

Several mechano-sensors and transducers that convey the FSS message during collateral
remodeling have been proposed. These include ion channels [51], the glycocalyx layer of endothelial
cells (ECs) [52], and nitric oxide (NO) [53]. Recently, microRNAs (miRNAs) have also been proposed
as potential factors to control the response of vascular cells to hemodynamic stress [54]. In addition,
miRNAs can be secreted, and thereby can contribute to intercellular communication [55]. Hence,
miRNAs have also been linked to FSS-induced arteriogenesis [56].

In addition, structural and functional adaptations of the vasculature can also be induced by
exercise training in humans. These changes have been shown in young endurance athletes who
presented larger diameters of the main conduit arteries of their trained limbs as compared with matched
legs of untrained controls [44–46,57].

3.3. Evidence of BFR Exercise Effects

Although not finally delineated, some identical, some comparable, and some completely different
vascular mechanisms for the effects of blood flow restriction exercises are known. The mechanisms
of BFR exercise are based on the combination of two primary factors, metabolic and mechanical
stress. These two factors act synergistically to signal a number of secondary mechanisms such
as tissue hypoxia, metabolite formation, and cellular swelling, which, afterwards, stimulate autocrine
and paracrine signaling pathways, ultimately leading to protein synthesis, type II muscle fiber
recruitment, local and systemic anabolic hormone synthesis, and stimulation of myogenic stem
cells [28].

3.3.1. Hypoxia

As a major effect, exercises under BFR reduce oxygen concentration, leading to hypoxia and,
consequently, increase the number of metabolic products [58]. Mostly named as such are blood lactate
and muscle cell lactate [58]. The blood lactate concentrations are significantly increased following
low-intensity resistance training under ischemic conditions, such as BFR as compared with a performed
exercise protocol under normal conditions [59]. Thereby, a pressure gradient is built which favors
the flow of blood into the muscle fibers in the intracellular space [28]. The result is an increased
cell volume which leads to altered cell structure and ultimately drives anabolic signal pathways.
This cellular swelling supports the increased protein synthesis in many different cell types including
muscle fibers [28,60]. Cell swelling can indicate muscle growth through the proliferation and fusion of
satellite cells [61].

Tissue hypoxia can also trigger an increase in localized and systemic hormone synthesis.
These effectors are likely to lead to an increased release of anabolic growth factors [58]. In training
with BFR, the growth hormone levels are up to 290 times greater as compared with a matched control
group that trained without vascular occlusion [59]. Consequently, training under BFR leads to skeletal
muscle remodeling in connection with anabolic growth factors expression. Resistance training under
BFR seems to stimulate 1.8 times greater muscle recruitment than volume-matched non-BFR strength
trainings [59]. As a consequence thereof, muscle protein synthesis could be stimulated [62].
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3.3.2. Vascular Adaption

The application of BFR also influences the vascular system supply by promoting post-exercise
blood flow, oxygenation, and arteriogenesis. Here, an increase of angiogenetic and arteriogenetic factors
after BFR trainings, such as vascular endothelial growth factor and hypoxia inducible factor 1 alpha [63],
are commonly described. Additionally, an increase in protein biosynthesis, higher concentrations of
heat shock proteins (HSP), and the enzyme nitric oxide synthase (NOS) are present in blood serum after
BFR training [64]. Nitric oxide (NO) is an important cellular signaling molecule which is produced
in high levels in muscle by neuronal NOS. The production of NO is connected with the mammalian
target of rapamycin (mTOR) activation and, subsequently, with protein synthesis [65]. In practice,
the role of NO in vasodilatation under ischemic conditions is increased as compared with normoxic
conditions, which results in an upregulation of endothelial NOS (eNOS) [66]. BFR training evokes
similar mechanisms of vascular adaption and promotes arteriogenesis, such as increased fluid shear
stress as a consequence of a slowly progressing vascular stenosis does. One known process following
arteriogenesis is “pruning”, which means that the number of collateral arteries decreases after a certain
level of arteriogenesis is reached and fluid shear stress decreases by self-limitation due to a diminishing
pressure gradient. Similar phenomena occur after successful revascularization; collateral arteries shrink
or disappear as the main blood flow is directed through the vascular reconstruction, e.g., a bypass.
In this situation, the effect of BFR on vascular adaption remains unclear. With respect to the risk
of mechanical damage to the reconstruction or its occlusion caused by reduced blood flow during
the compression period, BFR is considered to be a potential therapeutic option in chronic PAD patients
under conservative treatment. Furthermore, after revascularization, the potential benefit of BFR
regarding vascular adaption is questionable.

3.3.3. Myostatin

All these pathways are additional potential exercise under-BFR mechanisms and are mostly
accompanied by lower myostatin levels [64]. Previous research has shown that the expression of
myostatin is reduced in response to BFR training and is associated with increased muscle mass
and strength after eight weeks of resistance training with the BFR application [67]. As myostatin
harms protein synthesis, lower levels thereof can lead to larger training effects. Furthermore, ribosomal
protein S6 kinase beta-1 (S6K1) is stimulated under BFR after a single low-intensity strength training
of the lower extremities (20% of 1RM, duration approximately four to five minutes) [62]. The S6K1
is involved in the regulation of mRNA translation and, again, may be an important contributor to
muscular protein biosynthesis [62].

The mechanisms of how BFR leads to positive training effects are, conclusively, found in metabolic
stress, ischemic hypoxia, and an increased expression of vascular endothelial growth factors [68],
elicited by the training, BFR, or a combination of both. The increased fluid shear stress caused by
ischemia and reperfusion between the repetitions and sets during the training intervention with
BFR could be a stimulator for arteriogenesis [69,70]. The hemodynamic stimuli amplified by BFR
lead to an increased release of endothelial NO synthase, among other responses [71]. Additionally,
recent studies have shown that a single bout of strength training under BFR leads to changes in
the miRNA expression profile [72]. So far, the parameters in animal and human studies to determine
the mechanisms have only been identified by invasive measures such as muscle biopsies and whole
blood samples. The exact mechanism of low-load training under BFR has not yet been finally clarified.

3.3.4. BFR and LEAD

Summarizing the findings, both exercising with LEAD and BFR share, inter alia, reduced blood
flow, altered miRNA expression, and changes in the hemodynamic stimuli (e.g., fluid shear stress)
as the main mechanisms of the adaptions to training. One of the main differences is the return of blood
through the veins. When the blood flow is reduced via an external application (in BFR), the pressure on
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the veins increases, as well. That leads to a reduced backflow of the (venous) blood. At the same time,
the transport of metabolic products is elicited by the applied reduced blood flow. This mechanism
does not occur in LEAD. Furthermore, in LEAD, mitochondrial activity is increased. Under BFR
(in training), myostatin levels decrease, whereas S6K1, heat shock proteins, surrounding tissue pressure,
fast-twitch muscle fibers involvement, and venous blood flow increase. Both mechanisms (exercising
with LEAD or under BFR application) have in common that blood and mucous cell lactate, nitric oxide
synthase, miRNA, fluid shear stress, and VEGF concentrations are increased; hypoxia/ischemia is
induced and the arterial blood flow is decreased. These micro and macro level adaptations lead to
neovascularization (LEAD), a decrease of inflammatory processes, and expression of proinflammatory
immune cells. Furthermore, the endothelial function is increased, the involved skeletal muscles are
remodeled, and alterations in capillary density and in the ratio of type I to type II muscle fibers occur.

Despite considerable differences, there are, thus, many mechanisms that the two conditions
have in common. Especially, the ischemic situation, the changes in miRNA expression, and the
increased production of NOS, with their associated arteriogenesis after training with blood flow
reduction, attract attention when comparing the underlying adaptation mechanisms to reduced
blood flow applicated via BFR or pathophysiologically via LEAD. An overview of the similarities
and differences in the mechanisms of exercise in LEAD and under BFR is provided in Figure 1.
At the bottom level, the differences and commonalities are displayed as Venn diagrams. These exercise
(plus BFR or LEAD)-induced mechanisms lead to (upper level of the figure) several effects on different
biophysiological levels. These are, again, displayed as Venn diagrams, to show commonalities
and differences between the exercise effects of the training with LEAD or under BFR. Despite broad
knowledge on several factors, many of the mechanisms are only suggested by anecdotical evidence
and not yet proven by high quality studies.

Figure 1. Mechanisms and pathways of how exercise leads to training success in peripheral arterial
disease (lower extremity arterial disease (LEAD), right side) and under blood flow restriction (blood flow
restriction (BFR) left side).

4. Conclusions

This review addresses a new field of LEAD therapy. Thus, at first glance, therapeutic use of
blood flow restriction and peripheral artery disease and LEAD are of a contradictory nature, but both
induce physiological vessel growth by hemodynamic forces and hemodynamic adaptions. We want to
emphasize overlaps in effects on vessel physiology and function and the need for new clinical trials
that would focus on the effects of BFR in cardiovascular patients.
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There is a lack of evidence regarding studies focused on BFR with resistance exercise, particular
in seniors [73]. Promising results are presented by Shimizu et al. They showed that BFR training
improved endothelial function and blood circulation in active elderly people [74].

A long-term effect of structured exercise training is a decrease in blood flow-associated hypoxia,
which is also mediated by effects of fluid shear. Similar physiological changes occur as a consequence.
Additionally, BFR could serve as a model for how exercise leads to adaptations in LEAD, and further
beneficial effects of BFR could also work when implemented in exercise training for LEAD patients.

However, many mechanisms are not yet proven by high quality evidence. As further considerable
differences between the mechanism of the two comparators in this review exist; a final statement
(or even recommendation) regarding whether BFR can act as a model for the mechanism of how
exercise affects LEAD cannot be given. Considering the differences and (of course) contraindications
for exercising, BFR can, nevertheless, be used as a model for certain outcomes of LEAD exercise
intervention effects modeling or, from a practical point of view, sample size calculation. As future
clinical applications of BFR training in LEAD patients should be evaluated, the most beneficial effect
is expected in patients with stable lower grade LEAD. Patients with previous vascular interventions
(stent or bypass surgery) might not be suitable for BFR due to the risk of occlusion of the vascular
reconstruction by external mechanical forces. By simulating hypoxic metabolism in BFR intervals,
the physiological activation of autogenious pro-arteriogenetic changes could be triggered. Due to
the reduction in mechanical forces during BFR and low-load training, the method could be suitable in
particular for patients with limited physical resilience. A known problem, when mobility is yet limited
by LEAD to lower than 100 m, is that effective exercise is difficult to conduct. Regarding this problem,
BFR training could be useful for the preconditioning of a structured exercise program for patients with
advanced Fontaine IIb LEAD.
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Abstract: Spinal cord ischemia (SCI) is a clinical complication following aortic repair that significantly
impairs the quality and expectancy of life. Despite some strategies, like cerebrospinal fluid drainage,
the occurrence of neurological symptoms, such as paraplegia and paraparesis, remains unpredictable.
Beside the major blood supply through conduit arteries, a huge collateral network protects the central
nervous system from ischemia—the paraspinous and the intraspinal compartment. The intraspinal
arcades maintain perfusion pressure following a sudden inflow interruption, whereas the paraspinal
system first needs to undergo arteriogenesis to ensure sufficient blood supply after an acute ischemic
insult. The so-called steal phenomenon can even worsen the postoperative situation by causing
the hypoperfusion of the spine when, shortly after thoracoabdominal aortic aneurysm (TAAA)
surgery, muscles connected with the network divert blood and cause additional stress. Vessels
are a conglomeration of different cell types involved in adapting to stress, like endothelial cells,
smooth muscle cells, and pericytes. This adaption to stress is subdivided in three phases—initiation,
growth, and the maturation phase. In fields of endovascular aortic aneurysm repair, pre-operative
selective segmental artery occlusion may enable the development of a sufficient collateral network
by stimulating collateral vessel growth, which, again, may prevent spinal cord ischemia. Among
others, the major signaling pathways include the phosphoinositide 3 kinase (PI3K) pathway/the
antiapoptotic kinase (AKT) pathway/the endothelial nitric oxide synthase (eNOS) pathway, the Erk1,
the delta-like ligand (DII), the jagged (Jag)/NOTCH pathway, and the midkine regulatory cytokine
signaling pathways.

Keywords: spinal cord ischemia; arteriogenesis; paraplegia; aortic disease; TAAA; collateral network;
paraspinous compartment; NO; VEGF; NOTCH

1. Introduction

Spinal cord ischemia (SCI) is a major clinical complication of aortic repair. A complex aortic
aneurysm, such as thoracoabdominal aortic aneurysm (TAAA), is a rare and potentially lethal condition.
Even in experienced centers, both open and endovascular repair of, specially, type II TAAA is associated
with severe complications and in-hospital mortality, evidently provoked by the replacement of the
entire descending thoracic and abdominal aorta, often associated with iliac artery repair. Improved
surgical techniques and protective measures have improved outcomes preoperatively and during
follow up [1,2].
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Back in the 1980s, about one third of the patients that underwent thoracic or thoracoabdominal
aortic surgery suffered from neurological disabilities afterwards. Even with the introduction of
endovascular approaches into the clinical routine, SCI remains a devastating complication that is
associated with the extent of aortic replacement and/or stent graft coverage. Thoracic endovascular
aortic repair (TEVAR) has undergone a tremendous evolution in past decades. In the case of a
complicated aortic type B dissection, according to the Stanford classification, which is defined as a
malperfusion of sprouting aortic branches resulting in, e.g., paraplegia, endovascular aortic repair
seems to be favorable today, as it seems to be related to a decreased mortality rate and a reduced
complication rate when compared with open aortic repair [3–7]. The incidence of SCI ranges from 1.2%
to 8% following TEVAR and is of utmost interest since neurological dysfunctions significantly impair
the quality of life, and even reduce life expectancy in the long-term [8]. The incidence of SCI following
open surgical procedures for thoracic aortic aneurysm is as high as 2%–19%, which exceeds the rates
seen after TEVAR. There is a clear preference for TEVAR in all major industrial countries, because
of the reduced rates of paraplegia [9,10]. However, even pararenal endovascular aortic repair holds
the risk of spinal cord ischemia, especially when the hypogastric artery becomes occluded during
the procedure [11,12]. More specifically, there are numerous risk factors that influence the patient
outcome, such as, e.g., the extended length of covered aortic segments, the placement of stent grafts
between TH9-Th12, the occlusion of the left subclavian artery, perioperative hypotension, and long total
procedure time [8]. Considering these risk factors, there are strategies which have proven to be capable
to reduce the incidence of SCI. These strategies include cerebrospinal fluid drainage (CSFD), local spinal
cord cooling, re-implantation of segmental arteries during open surgical procedures, and prevention of
hypotensive episodes during and after surgery. Although all these measures follow a comprehensive
physiological theory, the current literature reveals only limited clinical success [7,13–15]. The beneficial
application of somatosensoric (SSEP) and motoric-evoked potentials (MEP) during TAAA surgery
has been described before [16]. A reduction in MEP amplitude to less than 50% of the baseline is
considered an indication of ischemic spinal cord dysfunction. If the signals remain normal, intercostal
arteries can be reattached if the aortic wall allowed a safe anastomosis during open TAAA repair.
In case of a decrease, patent intercostal or lumbar arteries are revascularized. Even when applying
somatosensoric and motoric-evoked potentials during surgery to identify relevant segmental arteries
to maintain a sufficient blood supply to the spinal cord, paraplegia is not preventable for all cases and
the application of these potentials is not clearly recommended according to the current guidelines of
the European Society for Vascular Surgery (ESVS) [7,17].

As a perspective, the application of biomarkers, which can be measured in patients’ blood and
cerebrospinal fluid (CSF), could be a further option to detect spinal cord ischemia postoperatively.
These could be a possibility to monitor the spinal cord function pre-, intra-, and postoperatively. Based
on the experience in the fields of traumatology, several biomarkers have been assessed which could
be associated with acute spinal cord trauma [18]. Elevated levels of lactate in the CSF as well as
elevated levels of neurone-specific enolase (NSE), glial fibrillary acidic protein (GFAP), and S100B in
CSF and serum have been assessed as promising biomarkers to monitor acute spinal cord damage due
to ischemia [19–21]. In fields of complex aortic surgery, only a few studies evaluated the applicability
of biomarkers to detect spinal cord ischemia. Regarding S-100β in the CSF, ambiguous results could be
observed in the existent studies, as levels of S-100β were not significantly higher in some studies for
patients who suffered from SCI compared to the control group [22]. NSE, a dominant enolase-isoenzyme
found in neuronal and neuroendocrine tissues, is a 78 kD gamma-homodimer. The biological half-life of
NSE in body fluids is approximately 24 h. NSE levels in CSF were measured in the study of Lases et al.
and have been compared with standard MEP monitoring. The authors found a poor correlation
between CSF levels of NSE and postoperative paraplegia, although patients suffering from SCI had
greater levels of NSE than the 90th percentile of patients with no adverse neurological outcomes. GFAP,
an intermediate filament protein expressed by many cell types of the central nervous system, was first
described in 1971 [23]. GFAp, which it was first named, isolated and characterized by Eng et al. in 1969,
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is estimated to maintain astrocyte mechanical strength [24]. In their study, Anderson et al. reported
GFAP measurements in 11 patients that underwent complex open TAAA repair [25]. Only a rather
weak correlation of biomarker levels and clinically relevant endpoints, such as SCI, could be observed;
only one patient suffered from SCI. In this case, a significant elevation of biomarker levels could be
assessed. This finding is typical for studies focusing on biomarkers and SCI in fields of aortic surgery.
No study leading to clear results which would support a recommendation for the routine application
of biomarkers has been conducted so far.

As described above, there is a wide range of established factors which may predict a patient’s risk
for spinal cord ischemia. However, we are unable to predict which patient will develop postoperative
problems. One possible reason for this issue is the rather unknown arteriogenesis of the spinal
cord blood supply, because the loss of a single segmental artery probably causes maturation of the
paraspinal collaterals, which might be a fostering condition for patients undergoing therapy of an
aortic disease [26,27]. The sweeping relevance of these complications and the lack of treatment options
make it worth studying every possibility to increase the positive outcome of a patient’s quality of life.
Therefore, this review aims to illuminate arteriogenesis in general, with the focus on the special needs
of the spinal cord blood supply.

2. Blood Supply of the Spinal Cord

Most of what is known today about the arterial supply to the spinal cord goes back to some
studies from the last century [28–31].

When entering the medulla, various branches are sprouting from the vertebral arteries that merge
to form the anterior spinal artery (ASA). The ASA courses midline on the ventral sulcus of the spinal
cord and merge with approximately 10–12 segmental arteries, which arise from various branches of the
aorta. These segmental arteries are known as medullary arteries. Furthermore, paired posterior spinal
arteries (PSAs) arise from the vertebral arteries or the posterior inferior cerebellar artery adjacent to the
medulla oblongata and course on the surface of the spinal cord medial to the posterior root entry zone.
The ASA gives rise to numerous sulcal branches that supply the anterior two thirds of the spinal cord.
The PSAs supply much of the dorsal horn and the dorsal columns. A tightly organized network of
vessels, known as the vasocorona, connects these two sources of supply and sends branches into the
white matter around the margin of the spinal cord [32].

So far, this is the doctrine of the blood supply of the spinal cord, but there is emerging evidence of
a huge collateral network protecting the central nervous system from ischemia [33]. However, the
structure and functionality of this network might be very different than initially thought. For instance,
there is a network in close relation to the spinal cord—the paraspinous and the intraspinal compartment.
The paraspinous vessels are small, nonconducting arterioles, whereas the intraspinal system consists of
circle- or pentagon-shaped small conducting arteries. These arteries connect adjacent segments [34,35].
It is noteworthy that the anatomical structure of the vessel system of paraspinous and intraspinal
arteries accounts for their disproportionate impact in restoring the blood flow in cases of an acute
interruption of the segmental inflow. In more detail, the intraspinal arcades are essential to maintain
blood pressure immediately after blood inflow interruption. Without these arcades, the blood flow
would almost drop to zero and the perfusion pressure would not recover, which, in turn, does not allow
reactive hyperemia, resulting in a severe ischemia of the spinal cord with following paraplegia [36].
On the other hand, the paraspinal system of immature nonconducting arterioles needs to undergo
arteriogenesis to ensure ongoing blood flow after the acute ischemic insult [36]. The emergency system
of epidural arcades of the intraspinal system remains functional if the anterior radiculomedullary
arteries (ARMAs) are sufficiently established to ensure blood flow to the anterior spinal artery (ASA).
All these vessels are closely related to each other and are connected via longitudinal anastomoses.
In case of suddenly losing parts of the segmental inflow, there is a repetitive ring-shaped arterial
pattern on the dorsal surface of the vertebral bodies, which, until recently, remained unnoticed. These
arterial vessels might be part of a stopgap to ensure blood supply to the spinal cord [34].
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The collateral network does not consist only of the blood vessels directly surrounding the spinal
cord, but also includes segmental arteries, the subclavian and/or iliac arteries, the aforementioned
vessels of the central nervous system, the vessels of the paraspinous muscles, and the vessels of other
paravertebral tissues [33,34,37]. The entirety of this vessel system merges with the internal thoracic,
epigastric, intercostal, and lumbar arteries to form a network that can be filled even from distant inputs.
The reason for this is so that the network ensures a redistribution of the blood volume as long as the
blood pressure as driving force is high enough [34]. The varying roles of such major vessels are of
specific interest in modern (endo)vascular surgery, where the ambition is to preserve as many vessels
connected to the lumbar feed as possible. However, this dogma is challenged by specific surgical
approaches needing specific coverage of such vessels.

As well as blood pressure being one of the most important forces to keep up the perfusion of the
spinal cord, the radius of the arteries is also of special importance. In particular, in the vessels suffering
from chronic ischemia caused by increasing stenosis of the feeding arteries, the arterial radius is a
powerful driver of pressure drop across the stenosis. This significance is described when considering
Poiseuille’s law. Here, Poiseuille stated that the fourth power of the radius of an artery is reciprocally
associated with the pressure, as shown below:

Poiseuille’s law “Pressure drop across stenosis = (blood flow × 8Lη)/πr4”, where L is the length of
stenosis, η is viscosity, and r is the radius of the artery [38].

This may underline the flexibility of the blood vessel system, resulting in the ability to re-distribute
significant blood volumes through longitudinal artery anastomoses. In fact, there should not be too
much fear of losing one segmental artery or of the artery of Adamkiewicz, because these vessels may
be appropriately compensated by the spinal cord network [13,39–41]. In contrast, the paravertebral
muscles not only ensure blood supply to the spinal cord but can also endanger the central nerves by
so-called steal phenomena. During a steal phenomenon, blood is redistributed by alternate routes
or reversed flow, causing hypoperfusion in the vessel bed from which blood is withdrawn. That
said, the steal phenomena can cause considerable hypoperfusion of the spine when muscles that are
connected with the network bypass blood. This may happen during body movements and may be of
particular importance during the first 24–72 h after TAAA surgery [17,42,43]. In this regard, the delayed
rewarming and shivering of patients might cause steal phenomena. However, not only the musculature
can endanger the blood supply of the spinal cord via a steal phenomenon. Additionally, or especially,
the intestinal aortic passages can lead to a critical undersupply of blood to the spinal cord during
endovascular TAAA surgery. It was observed that patients undergoing such an intervention showed a
collapse of the motor evoked potentials (MEP) during the procedure and necessary but temporary
balloon occlusion of the aorta. The reason for this is the reduced pressure in the aneurysm sac during
vessel cannulation, which, due to the temporary pressure gradient, withdraws blood retrogradely
from the spinal cord blood network [44] (Figure 1). Last but not least, the venous system can also
contribute to reduced arterial perfusion via an elevated venous pressure and/or the expansion of the
venous system [17]. For these reasons, therapists have established measures during and after surgery,
such as, e.g., intraoperative hypothermia and the use of relaxants during the first postoperative hours
to reduce the metabolic demands of the paraspinal muscles [45,46].

Although little is known about arteriogenesis in the vessel network of the spinal cord, it seems
very likely that findings from other locations in the body are transferable, since the arteries of the
spinal cord and collateral arteries of the extremities both originate from skeletal muscle arterioles.
This means, in particular, that findings that mostly concerned arteries of the lower extremities should
also be true for other arteries of same origin but different anatomical position [47,48]. That being
said, it is the paraspinal collaterals that most likely undergo arteriogenesis during chronic thoracic or
thoraco-abdominal aortic diseases. In particular, the typical corkscrew formation, which is well known
from collaterals in peripheral arterial occlusive disease, can also be observed for TAAA [26,49]. Patients
with extensive aortic disease often form large arteriogenic collaterals in the paraspinous region, which
connect adjacent segmental arteries in the case of isolated segmental occlusion [35].
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Figure 1. During a steal phenomenon blood becomes redistributed endangering spinal cord blood
supply by hypoperfusion.

3. Stress-Related Changes in Blood Vessels

Due to the highly adaptive nature of the vascular system connecting all organs and systems in the
body, it is a landmark for the progression and prevention of diseases. Vessels are a conglomeration of
different cell types and consist of more than just endothelial cells (ECs). Each of them is involved in
adapting to stress, ultimately resulting in vessel formation during arteriogenesis, like smooth muscle
cells and pericytes [50,51]. Pericytes, for example, encompass endothelial cells and contribute to
vessel integrity [52]. To this end, arteriogenesis is defined as dilation and remodeling of pre-existing
small arteries or capillaries into vessels that can foster more blood volume [53,54]. This kind of vessel
adaptation follows flow volume alterations and can also be observed in the paraspinal network. Here,
the immature collaterals dilatate and increase in length to meet the elevated demand of blood volume of
the spinal cord. Moreover, the pre-existing unstructured arterioles react with parallel realignment [55].
Again, these arteriogenic adaptions are somewhat comparable to observations in other tissues [35].

The phenotype of the vasculature of each organ is not a given, inflexible, or even unadaptable
situation after embryogenic maturation. It is more a vivid system that might change depending on, e.g.,
metabolic needs, oxygen availability, oxygen radicals, and shear stress [56–60]. Under pathological
conditions, like chronic ischemia, the identifying markers of the vessel walls change, indicating the
convertibility of this biological system [61]. More specifically, enhanced shear stress might result in
arteriogenesis, which establishes a biological bypass to circumvent the slowly growing stenosis of
a vessel [62–64]. During this adaption, the collateral vessels dilatate to compensate for the reduced
blood flow through a stenosis in a vessel [65]. As far as we know, a vessel’s adaption can be described
as follows:

During initiation, the local endothelium gets activated by the enhanced shear stress, resulting
in the recruitment of local and bone marrow inflammatory cells [66,67]. These cells release several
chemokines, e.g., tumor necrosis factor (TNF) and vascular endothelial growth factor (VEGF). VEGF
is an important factor for vessel formation during angiogenesis. However, the expression level
decreases during the late embryonic phases. This observation is given particular interest, since the
mature central nervous system only expresses very low levels of VEGF to prevent blood–brain barrier
leakage. In contrast, fenestrated capillaries release high VEGF levels. Such vessels may be found in
the kidneys. Inflammatory cells are recruited and bind to the surface of the endothelial cells through
various adhesion molecules, such as selectins, intercellular adhesion molecule 1 (iCAM1), and vascular
adhesion molecule 1 (vCAM1). Following transmigration, it is the neutrophil cells that degrade the
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extracellular matrix to create space for expanding vessels. The recruitment of circulating monocytes
paves the way for the next step of arteriogenesis [63,68–74].

During the growth phase, macrophages recruit other bone marrow-derived cells, vascular smooth
muscle cells, and endothelial cells. Several chemokines, like TNF, VEGF, fibroblast growth factor
(FGF), platelet derived growth factor (PDGF), granulocyte macrophage-colony stimulating factor
(GM-CSF), monocyte chemoattractant protein-1 (MCP-1), and transforming growth factor are released,
amongst others, by macrophages and the smooth muscle cells coordinate these actions [75]. matrix
metallopeptidases 2 (MMP-2) and 9 (MMP-9) contribute to the remodeling of the basement membrane.
Following a reversible shift along a continuum from a quiescent, contractile phenotype to a synthetic
phenotype, vascular smooth muscle cells (VSMC) start to migrate and proliferate. The sequence
of extracellular matrix (ECM) degradation and altered differentiation towards the synthesis and
proliferation in the cells of the vessel wall contribute to the “new” vessels with their typical tortuous
elongation and increased overall cross-section. Comprehensively, all these adaptive alterations
ultimately decrease the local resistance of the vasculature, aiming to restore blood flow, as described by
Poiseuille’s law [38,63,66,74,76–80].

During the last phase, the so-called maturation, all processes characterizing arteriogenesis return
to normal levels. That said, the shear stress decreases because the blood flow is distributed through
the collateral network, causing pressure, flow, and stress reduction to the vessels. Likewise, the
endothelium function normalizes, and the inflammatory activity gets downregulated. Furthermore,
cell proliferation declines and the phenotypic shift of the vascular smooth muscle cells revokes. During
maturation, the fate of the newly formed collaterals is different. While the collaterals at high flow rates
stabilize, smaller collaterals at low flow rates regress [63,74,81,82]. To get an idea of the dimensions in
which arteriogenesis may alter collateralization, experimental data in pigs were applied. Five days after
the occlusion of all segmental arteries, vessels from different anatomical structures grew significantly.
In more detail, the epidural arcades expanded from 150 to 249 μm. Likewise, an increase in diameter
was observed for the ASA, ranging from 90 to 137 μm [55].

After considering all the aforementioned aspects, one should not miss one of the most significant
determinates of tissue survival and cell death. This factor is the timespan. Due to its significance,
there might be a huge difference in outcome depending on how the timespan within the alterations is
established and how many pre-existing collaterals already exist. In fact, different tissues take different
times to adapt. In animals, there is evidence that arteriogenesis in ischemic tissue is fast in the nervous
system, where it takes only three days to reach the maximum of collateral remodeling, while it takes up
to seven days in hearts, or even up to four weeks in skeletal muscles. This observation can be translated
to what is seen in patients and correlated to their outcome. Here, the more pre-existing collaterals with
the appropriate capability of remodeling, the better the clinical outcome [62,67,74,83–86]. Experimental
findings also support this paradigm. In these settings, recent experimental data suggest that the blood
supply to the spinal cord is mainly dependent on a well-established feeding vessel network and on
its subsequent improvements via arteriogenesis [87,88]. Of note, there is data suggesting that these
beneficial adaptions could be mimicked prior to surgery in the form of pre-conditioning the blood supply
to the spinal cord. Preconditioning, in this context, means that segmental arteries become occluded
by, e.g., coil embolization, to stimulate collateral network growth. Anatomical and physiological
knowledge of the spinal cord circulation could improve open and endovascular TAAA repair by
enabling or promoting a staged procedure that could improve spinal cord protection. Furthermore,
preconditioning of the spinal cord before open or endovascular TAAA repair could result in the reduced
vulnerability of the spinal cord during the first postoperative days. Animal studies, conducted in 2015
by the same research group, underline the beneficial application of the pre-operative embolization of
intercostal and lumbar arteries before TEVAR; pigs with pre-interventional coil-embolization before
TEVAR suffered significantly less frequently from SCI than the control group [89,90]. Moreover, there
is clinical evidence that pre-conditioning enhances arteriogenesis, improving the blood supply to
the central nervous system. That being said, such pre-conditioning has the potential to reduce the
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risk of paraplegia or paraparesis after TEVAR and might, therefore, be integrated into the clinical
routine [91,92].

In the central nervous system (CNS), the barrier between the bloodstream and the underlying
tissue is built up of special ECs that are less thick compared to the ECs of skeletal muscle. In addition,
the blood–brain barrier (BBB) controls the passage of selected substances, such as ions, etc., into the
brain. Hence, the ECs of the central nervous system (CNS) are continuous and non-fenestrated, with
only a few exceptions [93]. For these reasons, the adaptions in this vascular bed are of particular
interest, since they differ from other locations. In the case of an ischemic insult or chronic worsening
ischemia caused by a severe narrowing of the feeding arteries of the spinal cord, the disruption of
the BBB is unfavorable since its consequences, such as spinal edema or superinfections, are severe.
Arteriogenesis serves as biological bypass for such stenoses and effectively maintains the blood–brain
barrier since it is “only” an expansion of pre-existing collaterals.

4. Signaling Pathways

There are some important signaling pathways that contribute to arteriogenesis. For instance,
the activation of the phosphoinositide 3 kinase (PI3K)/antiapoptotic kinase (AKT)/endothelial nitric
oxide synthase (eNOS) pathway plays a major role in the remodeling of the collaterals. The PI3K/AKT
pathway has an impact on many processes, like metabolism, apoptosis, cell survival in general, and cell
proliferation. The most important effects during arteriogenesis are cell proliferation, cell growth,
and reduction in apoptosis. PI3K is an intracellular signal transducer that activates the downstream
target AKT that is able to phosphorylate eNOS. The activated eNOS is responsible for an increase of
NO expression, which ameliorates cell survival, among other things. NO is a landmark effector and
its production causes vasodilatation that enhances the blood flow, which, in turn, stabilizes vessel
remodeling effects. The pathway also maintains interactions between ECs and other cell types of the
surrounding tissue, such as VSMC and pericytes. Both cell types are significantly involved in the
promotion and maintenance of ateriogenesis and its stabilization. In this regard, there are different
sources of NO. The endothelial nitric oxide synthase (eNOS), neuronal nitric oxide synthase (nNOS),
and the inducible nitric oxide synthase (iNOS) contribute to arteriogenesis and can replace each other’s
production to meet the demand of the required NO levels [94–101].

The extent of arteriogenesis is directly linked to the activation of the extracellular signal-regulated
kinase 1 and 2 (ERK1/2) pathway. The two isoforms have different roles, but work hand-in-hand in
arteriogenesis. VEGF is an important signal molecule for the activation of the endothelial ERK1/2,
pathway resulting in increased arteriogenesis or, rather, the absence of VEGF causes a reduction in
arteriogenesis. As mentioned above, inflammatory cells are necessary for arteriogenesis, especially
as these cells are a major source of VEGF in absence of tissue ischemia. ERK1 is a key holder of
macrophage infiltration. When ERK1 is absent, it creates a massive macrophage infiltration with
excessive VEGF expression. This oversupply does not result in improved functional vessels—quite the
opposite. The seemingly improved arteriogenesis is built up of only poorly functional vessels that
do not increase blood flow sufficiently. In contrast to the effects of ERK1, the loss of the endothelial
ERK2 pathway does not affect arteriogensis at first sight, but does end in reduced blood flow recovery.
The reason for the diminished function of arteriogenesis is the positive stimulation of endothelial cell
proliferation and eNOS expression that fails in the absence of ERK2. In particular, the missing NO
production results in vasoconstriction with the aforementioned reduced blood flow [102–106].

Another important pathway is the delta-like ligand (DII) and jagged (Jag)/NOTCH pathway that
is responsible for perivascular macrophage maturation and the inflammatory response, resulting in
the remodeling of the newly formed collaterals. NOTCH is a family of transmembrane proteins that
get cleaved following ligand binding. After such cleavage, the intracellular domain is translocated
into the nucleus. NOTCH signaling is also of particular significance in the close interaction between
ECs and VSMCs. Here, cytokines, such as VEGF and FGF, enhance the expression of DII, which,
in turn, elevates EPHB-2/4 plasma levels by NOTCH signaling. The aforementioned process is
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essential for the precise coordination of vessel remodeling during arteriogenesis [54,74,107–114]. VEGF
signaling improves EC survival, because the above-mentioned phosphoinositide 3 kinases (PI3Ks) and
antiapoptotic kinases (AKTs) are increased by VEGF. Additionally, the elevation of NO levels, caused
by vascular endothelial growth factor receptor 2/neuropilin 1 (VEGFR-2/NRP-1), influence lumen
expansion, vascular remodeling, and maturation/stabilization [115]. Moreover, VEGF also stimulates
other receptors, such as the erythropoietin-producing hepatocellular (Eph) receptor. This tyrosin kinase
is categorized into two subtypes—Eph-A and Eph-B. Those two receptors are bound to ephrin-A and
ephrin-B. Ephrin-B, for example, internalizes via endocytosis VEGFR-2 and prevents PDGF endocytosis.
Thus, it contributes to VSMC maturation, which plays a key role in stabilizing the arterial wall. These
ligands and receptors are not only found on vessels where they serve as identification marker, but are
also found in the nervous system [116–121]. Tumor growth factor ß (TGF-ß) cytokine is also involved
in arteriogenesis. Interestingly, the expression of this cytokine is stimulated in hypoxic conditions
through HIF-1α and oxidative stress. TGF-ß up-regulates collagen and produces and promotes
vascular remodeling, although it is not the primary effector in arteriogenesis [122]. Macrophages are
inflammatory cells and also contribute to the remodeling of the vessel wall. During arteriogenesis,
macrophages increase the number of VSMCs within the arterial wall, which stabilizes the newly formed
vessel [74,123,124].

A midkine (MK) is a regulatory cytokine during embryonic vessel angiogenesis, and its
dysfunctional signaling causes malignant diseases. Meanwhile, rising evidence has linked this
cytokine to arteriogenesis via, e.g., elevated VEGF-A levels [94,125–127]. The positively charged
molecule binds to the endothelium, where several receptors/receptor complexes interact with MK and
mediate its downstream signaling. Due to its high significance for key processes, it is worth mentioning
that the endothelium itself might be a relevant source of MK [128,129]. Interestingly, MK interferes with
the above-mentioned NOTCH receptor, suggesting significant potential for altering the inflammatory
response via iCAM1. This is further supported by animal experiments, since MK-deficient mice
revealed reduced leucocyte infiltration, which has a severe impact on arteriogenesis [130–133].

5. Conclusions

The feeding vessel network to the spinal cord is well known. Since SCI is a persisting clinical
problem after open and endovascular aortic procedures, the scientific community has focused, once
again, on the paraspinous and the intraspinal compartment. The aortic intervention-related steal
phenomena can cause the hypoperfusion of the spine since large-volume muscles connected with the
network and body movements can shift significant blood volumes shortly after TAAA surgery, which
may be of importance during the first 24–72 h postoperatively. Even delayed rewarming and shivering
might enhance the steal phenomena which contribute to SCI. Pre-conditioning with selective segmental
artery occlusion reduces the blood supply to the CNS artificially, enhancing arteriogenesis. Both, arteries
of the spinal cord as well as of the extremities are of skeletal muscle arterioles origin with transferable
mechanisms according to arteriogenesis, involving signaling pathways like PI3K/AKT/eNOS, Erk1,
the delta-like ligand, jagged (Jag)/NOTCH pathway, and the Midkine regulatory cytokine signaling.
In the future, both arteriogenesis enhanced by the preconditioning of the blood supply of the central
nervous system via selective segmental artery occlusion and the validation of biomarkers, e.g., NSE,
GFAP, and S100B, might become additional cornerstones in the treatment of elective thoracic aortic
repair, leading to a reduced risk of paraplegia or paraparesis.
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