E‘ International Journal of
“ Molecular Sciences

Arteriogenesis

Molecular Regulation,
Pathophysiology and
Therapeutics |l

Edited by
Elisabeth Deindl and Paul Quax

Printed Edition of the Special Issue Published in
International Journal of Molecular Sciences

=
www.mdpi.com/journal/ijms ’/M\D\Py



































































































































































































































































































































































































Int. ]. Mol. Sci. 2019, 20, 3956

Figure 3. Functional effects on hind limb perfusion in response to training. (a) Schematic of experimental
setup in C57BL/6, (b) schematic of experimental setup in ApoE™~, and (c,d) laser Doppler perfusion
imaging in C57BL/6 and ApoE~/~ as indicated. Data are expressed as ratio of the operated leg to the
non-operated leg and represent mean + SEM. Open symbols show the data of the training group whereas
filled symbols represent the control group. As a statistical test, the unpaired t-test was used; * p < 0.05.
(e) Representative laser Doppler perfusion images indicate the effect of training in the operated hind
limb when compared to the control group. (f) Postoperative perfusion ratio (R/L). Open symbols show
the data of the training group whereas filled symbols represent the control group. As a statistical test,
the one-way ANOVA was used; * p < 0.05; ** p < 0.01; *** p < 0.005; n.s. not significant.



Int. ]. Mol. Sci. 2019, 20, 3956

2.4. Increased Accumulation of Macrophages after Training in ApoE™~ Mice

In order to investigate the beneficial influence of exercise training on the vascular remodeling
process in ApoE ™/~ mice, adductor muscle tissue was harvested from these mice 21 days following FAL.
Early perfusion benefits were not reflected by morphometric examination at the end of the experimental
period. There was no difference of the size of the wall area between training and control groups on day
21 post-surgery (2.15 + 0.53 mm? and 2.46 + 0.53 mm?, respectively; p > 0.05; Figure 4a,b).

In the initial phase, collateral growth is critically driven by pericollateral macrophage assembly.
Therefore, adductor muscle tissue was harvested from ApoE‘/ ~ mice 3 or 7 days following FAL and the
macrophage number was quantified in the vascular nerve sheath of the collateral vessels. Seven days
after FAL the number of macrophages in close proximity of growing collaterals was significantly higher
in the training group with an average of 3.9 + 0.8 compared to the control group with an average of
2.3 + 0.4 (p = 0.042; Figure 4c,d).
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Figure 4. Histological evaluation of collateral growth in cross sections of the adductor muscles
of ApoE™~ mice in response to training. (a) Representative micrographs of collateral arteries for
morphometry. Scale bar: 200um. (b) Quantification of wall area 21 days after FAL of the training
and control group. (¢) Immunostaining to determine macrophage accumulation around collaterals
7 d after FAL of the training and control groups. Representative images of CD68 (green) and «<SMA
(red) immunostaining. Blue staining indicates nuclei and scale bars are 25 pm. (d) Quantification of
macrophage number. Data are expressed as mean + SEM of three collateral cross-sections per mouse of
at least three mice per group (n > 3). As a statistical test, the unpaired t-test was used; * p < 0.05.

3. Discussion

Arteriogenesis is the natural compensation mechanism through which collateral circulation
develops. This formation is stimulated by an increase of shear stress on the endothelium [20].
An increase of blood flow can be achieved by a high demand and walking exercise is the best possibility
to maximize the flow physiologically [6]. Therefore, the aim of the study was to establish a training
protocol in a murine model of PAD that increases arteriogenesis through exercise. Our results suggest
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that a FAL surgery in ApoE~/~ mice having free access to a voluntary running wheel serves best for
future studies of exercise-induced arteriogenesis.

To increase physiologic shear stress on the arterioles it is preferable to develop an exercise program
that maximizes intensity.

Initially we compared activity of healthy young C57BL/6 mice trained either with forced exercise
by treadmill twice daily or with a 24 h accessible running wheel. Forced exercise is controlled and
reproducible, but usually depends on a negative impulse. In models with forced exercise regimens,
increased distress values, depressive behavior, inflammation reactions, and elevated corticosterone
levels have been shown [26,28-30]. Distress, for example, may limit physiological remodeling normally
associated with exercise training in humans [31,32]. The transferability of forced exercise models into
humans may thus be limited. In contrast, similar structural and functional cardiac changes occurred in
forced and voluntary exercise regimens [33]. The pros and cons of a forced versus a voluntary exercise
model are thus not finally delineated.

We further showed that voluntary training leads to a much greater distance covered than forced
exercise. Furthermore, voluntary running resulted in a higher running speed. Resulting from this
higher exercise dose, a higher training effect response of voluntary running than of forced treadmill
walking would be expected. Free-to-access running wheels are an easy way to record and store activity
data without disturbing the habitual behavior. Likewise, voluntary access to running wheels permits
reasonable adaptation to exercise after surgery and provides an excellent tool to monitor the behavior
of mice. We could show that mice do tolerate this voluntary training much better with an increase of
the distance travelled compared to forced exercise. For the reasons given above we continued our
studies with voluntary training knowing well that this cannot be directly translated to the human
situation. There is a discrepancy in intrinsic exercise capacity and response to exercise training between
mice and humans. Mice do have a natural drive for running. Humans with sedentary behavior do
not push their maximum limit. The focus of our study was to establish a protocol in mice which was
adapted to their natural behavior and allowed for future investigations on collateral growth.

Since in PAD a stenosis is progressing over time and involves the whole arterial system, there is
an uncertainty if healthy animals can be used to simulate the human patient’s illness [3,23,34,35].
An acute occlusion in healthy participants by e.g., arterial emboli or trauma demands an instant
intervention. The sudden tissue hypoxia can lead to an acute inflammatory—angiogenic—-myogenic
response which could result in massive loss of tissue. Patients suffering from PAD usually better
tolerate an acute occlusion [36].

In order to increase the similarity to patients presenting PAD we used ApoE ™/~ mice fed with
a HFD, that show numerous plaques throughout the whole arterial system [21,23,24,37] including fat
deposition in collaterals.

It was expected that different mouse strains don’t have similar responses to voluntary
training [27,38]. Our findings showed that C57BL/6 and ApoE~~ animals accepted the voluntary
training without a notable difference between the two strains. In this study we showed that there was
just a short postoperative readjustment period of 10 days needed to get mice back to the initial distance.
Whether this delay was due to the surgical intervention alone (opening and closing of the skin) cannot
be fully excluded, because a sham treatment group without FAL was not investigated.

Next, the voluntary training protocol (running wheel) was tested in both strains to evaluate the
reperfusion recovery after FAL.

The LDPI data acquired showed a significant higher perfusion immediately after the occlusion in
ApoE~/~ mice. This could be explained due to an increased collateral growth as a result of arteriosclerotic
plaques in the major arteries [21]. C57BL/6 as well as ApoE ™~ mice presented a maximum re-perfusion
up to 69% and 77% with no significant difference in between the two strains.

It could be shown that having training possibility allowed ApoE~~ mice to reach the maximum
reperfusion alignment one week post-FAL.
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In order to correlate the increased perfusion to arteriogenesis we performed histological analyses
of collateral tissue of ApoE~~ mice with and without exercise training. It is well accepted that
mechanical, cellular, and molecular factors influence collateral growth [39]. Macrophages accumulate
around the growing collaterals and cytokine secretion improves that process [40,41]. After training,
ApoE~~ mice show a higher accumulation of CD68* macrophages in the vascular nerve sheath of the
collateral vessels than without training.

The presented experimental setup involves atherosclerotic ApoE ™~ mice subjected to an acute
FAL. Functional as well as histological findings implicate an improvement of arteriogenesis after
exercise training in the proposed model.

4. Materials and Methods

4.1. Ethics Statement

Animal handling and all experimental procedures carried out were in full compliance with the
Directive 2010/63/EU of the European Parliament on protection of animals used for scientific purposes.
Approval was given by the responsible local authority, the Darmstadt governmental council for animal
protection and handling (permit reference numbers V54-19c20/15-B2/360, permit date: 30 October
2013). Throughout this study all mice had access to water and food ad libitum.

4.2. Femoral Artery Ligation (FAL)

Twenty-eight male C57BL/6 mice (Charles River, Sulzfeld, Germany) and 40 male ApoE~/~ mice
were subjected to FAL as described [22]. The contralateral leg served as the reference. During the
surgical procedure mice were kept on a heating plate with a temperature of 38 °C. Anesthesia was
applied using ketamine (120 mg/kg BW) and xylazine (16 mg/kg BW) i.p.. For postoperative analgesia
carprofen (5 mg/kg BW) was injected s.c.. After termination of experiments the mice were euthanized
by an anesthetic overdose.

4.3. Forced Exercise on Treadmill

Mice were first accustomed by using a treadmill (Exer 3/6, Columbus Instruments, Columbus,
OH, USA) with a motivation grid for 15 min/day. This applied small amounts of electric shock for
conditioning when the mice stopped running.

After being conditioned, the mice started training at a light intensity with a preset speed of 0.2 m/s
leading up to a maximum of 0.3 m/s with no further resistance. Training frequency was 2 times per day.
Training was terminated at exhaustions. Exhaustion was defined as pause of more than 5 s at a time,
or three times for two or more seconds on the shock pad without trying to get back on the treadmill.

4.4. Voluntary Running Wheels

To evaluate voluntary training each animal was individually housed in a cage equipped with
a free-to-access running wheel. The running wheels were connected to a computer equipped with
TSE PhenoMaster V5.1.6 (2014-4115) (TSE Systems GmbH, Bad Homburg, Germany). This setup gave
accurate data on each animal, recording time and traveled distances and it allowed evaluation of
activity patterns during an adaptation period as well as identifing post-surgery effects.

4.5. Restraining Cages

For simulating inactivity, mice were kept as a reference (control) group in smaller cages without
the possibility to climb in order to minimize movement.
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4.6. Laser Doppler Perfusion Imaging (LDPI)

Perfusion of the paws was recorded using the laser Doppler imaging device PIM3 (Perimed
Instruments, Jarfilla, Sweden; Software: LDPIwin for PIM3 3.1.3), on a heating plate at 38 °C, before
FAL (dO pre), immediately after FAL (d0 post), as well as at d3, d7, and d14 after FAL.

The mean perfusion was shown as the ratio of the ligated hind limb to the contralateral,
non-ischemic hind limb.

4.7. Histology

Mice were perfused with 10 mL vasodilation buffer (100 ug adenosine, 1 ug sodium nitroprusside,
0.05% BSA in PBS, pH7 4) followed by 10 mL 4% PFA post mortem. Adductor muscles from ligated
or sham-operated mice were harvested and placed in 15% sucrose in PBS for 4 h and overnight at
4 °C in 30% sucrose in PBS. Tissue was cryopreserved in Tissue-Tek O.C.T. (Sakura, Alphen aan den
Rijn, The Netherlands) and cut in 8 um cryosections. Morphometric analyses were performed using
a hematoxylin-eosin stain to evaluate the dimensions of collateral arteries.

4.8. Immunohistochemistry

Cryosections were stained with blue-fluorescent DNA stain DAPI
(4’ ,6-Diaminidino-2-phenyllindole-dilactate; Thermo Fisher Scientific, Waltham, MA, USA)
and counterstained for aSMA-Cy3 (C6198, Sigma-Aldrich GmbH, Taufkirchen, Germany) or
«SMA-FITC (F3777, Sigma-Aldrich GmbH, Taufkirchen, Germany) and CD68 (MCA1957A448T,
ADbD Serotec, BioRad, Feldkirchen, Germany).

4.9. Statistical Analysis

All statistical analyses were supported by GraphPad software PRISM5 for Mac (GraphPad
Software, La Jolla, CA, USA), JMP for Mac (Version 9.0.12010 SAS Institute Inc., Heidelberg, Germany),
Image ] (National Institutes of Health, Bethesda, Maryland, USA) and Microsoft Excel for Mac
(Version16.15, Microsoft, Redmond, Washington, USA). Comparisons between groups were based on
unpaired student’s t-test. One-way or two-way ANOVA were used to determine differences between
the means of three or more independent groups as indicated. Data were reported as standard error of
mean (SEM). Data deviations were considered to be statistically significant differences at p < 0.05.

5. Conclusions

Femoral artery ligated ApoE ™~ mice on HFD with running wheel training is a suitable model
to simulate exercise induced collateral growth. This experimental set-up may provide a model for
investigating molecular training effects on arteriogenesis.
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Abbreviations

PAD
CVD

Peripheral artery disease
Cardiovascular disease

ApoE™~  Apolipoprotein E knockout

FAL Femoral artery ligation

HFD High fat diet
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Abstract: Background: The effects of blood flow restriction (training) may serve as a model of
peripheral artery disease. In both conditions, circulating micro RNAs (miRNAs) are suggested to
play a crucial role during exercise-induced arteriogenesis. We aimed to determine whether the profile
of circulating miRNAs is altered after acute resistance training during blood flow restriction (BFR)
as compared with unrestricted low- and high-volume training, and we hypothesized that miRNA
that are relevant for arteriogenesis are affected after resistance training. Methods: Eighteen healthy
volunteers (aged 25 + 2 years) were enrolled in this three-arm, randomized-balanced crossover
study. The arms were single bouts of leg flexion/extension resistance training at (1) 70% of the
individual single-repetition maximum (1RM), (2) at 30% of the 1RM, and (3) at 30% of the IRM
with BFR (artificially applied by a cuff at 300 mm Hg). Before the first exercise intervention, the
individual 1RM (N) and the blood flow velocity (m/s) used to validate the BFR application were
determined. During each training intervention, load-associated outcomes (fatigue, heart rate, and
exhaustion) were monitored. Acute effects (circulating miRNAs, lactate) were determined using
pre-and post-intervention measurements. Results: All training interventions increased lactate
concentration and heart rate (p < 0.001). The high-intensity intervention (HI) resulted in a higher
lactate concentration than both lower-intensity training protocols with BFR (LI-BFR) and without
(LI) (LL, p = 0.003; 30% LI-BFR, p = 0.008). The level of miR-143-3p was down-regulated by
LI-BFR, and miR-139-5p, miR-143-3p, miR-195-5p, miR-197-3p, miR-30a-5p, and miR-10b-5p were
up-regulated after HI. The lactate concentration and miR-143-3p expression showed a significant
positive linear correlation (p = 0.009, r = 0.52). A partial correlation (intervention partialized) showed
a systematic impact of the type of training (LI-BFR vs. HI) on the association (r = 0.35 remaining
after partialization of training type). Conclusions: The strong effects of LI-BFR and HI on lactate-
and arteriogenesis-associated miRNA-143-3p in young and healthy athletes are consistent with an
important role of this particular miRNA in metabolic processes during (here) artificial blood flow
restriction. BFR may be able to mimic the occlusion of a larger artery which leads to increased
collateral flow, and it may therefore serve as an external stimulus of arteriogenesis.
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1. Introduction

Arteriogenesis is defined as the growth of functional collateral arteries from pre-existing arterio-
arteriolar anastomoses [1,2]. An initial trigger is the occlusion of a main artery, which occurs during
peripheral artery disease (PAD). Such an occlusion redirects the blood flow to the pre-formed collateral
arteries and thereby alters the fluid shear stress (FSS) [3]. The increased blood flow initiates vascular
remodeling and diameter growth [4]. Several mechano-sensors and transducers that convey the FSS
message during collateral remodeling have been proposed, including ion channels [5], the glycocalyx
layer of endothelial cells (ECs) [6], nitric oxide (NO) [7], and microRNAs (miRNAs) [8].

These small, non-coding ribonucleic acids have been shown to play a decisive role in processes
such as heart development, vascular regeneration, and tissue repair [9-12]. miRNAs are involved in
post-transcriptional gene regulation by binding to mRNAs, causing the repression of translation and
mRNA degradation, thus fine-tuning protein expression. Several miRNAs have been shown to control
the response of vascular cells to hemodynamic stress [8]. In addition, miRNAs can be secreted and can
thereby contribute to intercellular communication [13] or serve as circulating biomarkers [14].

Arteriogenesis can be amplified by exercise, as documented in human trials [15-17] and animal
studies [18]. Therefore, according to international guidelines, PAD patients in Fontaine stage I or IIA/B
(Rutherford 1-3) should be recommended for exercise training [19,20]. Mechanisms involved in the
exercise-mediated benefits of treating PAD are thought to be the suppression of inflammation [1],
expression of pro-inflammatory immune cells [21,22], and the improvement of endothelial function [23].
Beyond that, physical training has the potential to promote additional vascularization [24,25].

Comparable mechanisms have been discussed for the training effects of blood flow restriction
exercises: Blood flow restriction training (BFR) is a resistance training method in which blood flow
is reduced artificially. The decreased blood flow is usually caused by applying a blood pressure cuff
at the origin of the extremity (arms or legs) to be trained. The mechanisms of BFR are thought to
involve ischemic hypoxia and the increased expression of vascular endothelial growth factors [26].
The hemodynamic stimuli amplified by BFR (e.g., shear stress at the endothelium) lead to an increased
release of the endothelial NO synthase, among other responses [27].

To achieve systematic effects during BFR, a lower resistance load is used than in classic resistance
training without BFR: An intensity of 20% of the single repetition maximum (1RM) and a reduced
training time of about 4-8 weeks have been demonstrated to have effects on muscle hypertrophy and
muscular strength [28-30]. BER training with a lower load in a shorter time can lead to the same results
as resistance training with significantly higher loads (at 65% 1RM). In particular, increases in muscle
thickness and strength are comparable between these strategies [31,32]. Due to the comparable effects
and lower loads, BFR is of great relevance for training persons with physical limitations (e.g., patients
with injuries, patients with cardiovascular diseases, or elderly persons) [33,34].

Despite the promising results derived from BFR as a method to mimic exercise effects under
different occlusion conditions like PAD and the potential role of miRNAs as effectors after hemodynamic
stress or FSS, nothing is known about the acute effects of strength training during BFR on miRNA
levels. Therefore, this study was designed to determine whether the profile of circulating miRNAs
is altered after resistance training during BFR, as compared with low- and high-volume training
protocols with no BER. Our hypotheses were: (1) Blood flow restriction leads to a reduced blood
flow velocity; (2) low-intensity blood flow restriction training leads to metabolic responses that are
similar to those of high-intensity strength training without blood flow restriction; (3) low-intensity
blood flow restriction training and training without blood flow restriction lead to different expression
characteristics of miRNAs.
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2. Results

2.1. Sample

None of the participants withdrew their consent, and none had to be excluded. Eighteen healthy
adults (females = 11; mean age 25 + standard deviation (SD) 2 years; body mass index 22.1 + 1.8 kg/m?)
were included.

2.2. Blood Flow Velocity

The blood flow velocity in the A. poplitea was significantly reduced by wearing the BFR cuff
(compared to unrestricted, p = 0.002; mean intraindividual difference: —7.6 cm/s, —14%, Figure 1).
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Figure 1. Blood flow velocity in the A. poplitea: (a,b) Representative original Doppler sonography
blood flow profiles at rest: The upper images show the region of interest of the A.poplitea; the lower
diagrams show the time course on the x-axis and the blood flow velocity heartbeat by heartbeat on
the y-axis. (a) Blood flow velocity without wearing a cuff. (b) Blood flow velocity while wearing the
cuff (occlusion pressure 300 mm Hg). (c) Boxplots of the grouped pre-post differences in blood flow
velocity with and without cuff. Data are displayed as median and inter-quartile ranges plus range
(whisker bars).

2.3. Basic Resistance Training Outcomes

2.3.1. Objective Outcomes of the Training Interventions

Lactate concentration and heart rate were increased after all training interventions (p < 0.001)
(Figure 2a,b). The lactate concentration was different between the groups: The high-intensity (HI)
intervention resulted in a higher lactate concentration than both lower-intensity (LI) training protocols
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(LL p = 0.003; LI-BFR, p = 0.008). In the HI group, the mechanical pain threshold increased from before
to after training (p < 0.05) (Figure 2c).
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Figure 2. Objective outcomes of training interventions. Data are displayed as mean and 95% confidence
intervals. Bpm, beats per minute; LI-BFR, low-intensity training with blood flow restriction; LI,
low-intensity training; HI, high-intensity training. (a) Differences in blood lactate concentration
pre- and post-training, (b) maximal heart rate, and (c) differences in mechanical pain threshold pre-
and post-training.

2.3.2. Participant-Reported Outcomes

The perceived exertion was greater during the HI intervention than in the LI interventions (LI,
p = 0.005; LI-BFR, p = 0.028). The HI group scored a lower value than the LI group in the feeling scale
(p < 0.05). Participants in the LI group reported lower values on the fatigue scale than the LI-BFR
group (p = 0.028) and the HI group (p = 0.004). The corresponding values are displayed in Figure 3.
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Figure 3. Participant-reported outcomes of training interventions. Data are displayed as mean and 95%
confidence intervals. (a) Maximal exertion. (b) Maximal fatigue. (c) Maximal discomfort. NRS, numeric
rating scale; LI-BFR, low-intensity training with blood flow restriction; LI, low-intensity training; HI,

high-intensity training.
2.4. Profiling of Circulating miRNAs

2.4.1. Capillary Blood for miRNA Isolation, Expression Analysis, and Quantification

A single capillary blood draw resulted in >50 uL plasma, and, in comparison to venous blood
sampling, the average degree of hemolysis differed significantly (p < 0.05) as determined by ODy14
in a pilot study (Figure 4a,b). Only 50 uL of plasma were sufficient to isolate total RNA and
to reverse-transcribe miRNAs for real-time PCR-based quantification. In order to identify stably
expressed reference genes for normalization, five candidate miRNAs (hsa-miR-30e-5p, hsa-miR-148b-3p,
hsa-miR-222-3p, hsa-miR-425-5p, hsa-miR-484) were tested for stable expression over the entire range
of samples being investigated. Except for hsa-miR-222-3p, all miRNAs were suitable for normalization
(Figure 4c).
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Figure 4. (a) Example of an OD scan from 200 to 700 nm with a distinct absorbance peak at 414 nm to
assess hemolysis. Different lines depict different plasma samples. (b) ODy;4 values in plasma samples
after venous or capillary blood draw (* p < 0.05). (c) Differences in miRNA abundance of typically
detected miRNAs in plasma to determine stable expression pre- and post-training intervention.

2.4.2. Screening of Expression Changes in Circulating miRNAs before and after BFR Training

Based on the assumption that the LI-BFR reduces blood flow to the periphery in a way that is
comparable to that of a PAD, eight plasma samples of four participants pre- (control) and post-training
were selected and subjected to the human serum/plasma focus panel consisting of 179 miRNA assays
targeting human plasma-relevant miRNAs, reference miRNAs, and spike-in controls. A global Ct
mean of expressed miRNAs was used for normalization, and cel-miR-39-3p was included as an
internal amplification control. In each sample, more than 80% of miRNAs surpassed the lower limit
of detection of a C; < 35 (Figure 5a). Significant miRNA expression changes were visualized in the
volcano plot (Figure 5b). A total of 11 miRNAs were selected for further validation due to their
markedly altered expression or previous association with collateral growth (Table 1). Interestingly,
among the differentially expressed miRNAs identified, three arteriogenesis-associated, previously
detected miRNAs were recovered: miR-143-3p, miR-195-5p, and miR-126-5p.
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Figure 5. qPCR-based serum/plasma focus panel of circulating miRNAs (a) Distribution of C; values for
the processed data of each plasma sample. (b) Volcano plot of differentially expressed miRNAs pre- and
post-LI-BER training. Data points outside the two dashed lines are up-regulated (red) or down-regulated

(green) more than x-fold. Data points above the solid horizontal line have p-values less than 0.05.

Table 1. Over-expressed miRNAs (fold regulation values greater than 1.5) and under-expressed miRNAs
(fold regulation values less than —1.5) detected in the screen and analyzed in the three different training groups.

miRNA ID Fold Change Screen p-Value HI LI-BFR LI
hsa-miR-197-3p 1.56 0.094

hsa-miR-326 1.65 0.002 **
hsa-miR-136-3p 157 0.063
hsa-miR-143-3p -17 0.170 up * down *
hsa-miR-30a-5p -1.59 0.003 ** up **
hsa-miR-139-5p -1.97 0.027 * up *
hsa-miR-125a-5p —2.63 0.026 *

hsa-miR-375 -1.59 0.492
hsa-miR-99a-5p -1.58 0.171
hsa-miR-126-5p -1.57 0.006 **
hsa-miR-10b-5p 24 0.030 * up **
hsa-miR-195-5p -2.92 0.017 * up *
hsa-miR-125b-5p -2.32 0.041*
hsa-miR-100-5p -1.61 0.104
hsa-miR-362-3p -1.52 0.088
hsa-miR-376¢-3p -1.53 0.540

* p-value < 0.05, ** p-value < 0.01, HI: High intensity training, LI-BFR: Low intensity training with blood flow
restriction, LI: Low intensity training. Bold text shows the miRNAs that have been previously associated with

collateral growth.
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2.4.3. Analysis of miRNAs in Different Training Intervention Groups

The abundance of these 11 differentially expressed miRNAs was analyzed in each training group
in individual assays in a larger cohort of 12 participants. Only miR-143-3p was confirmed to be
down-regulated after LI-BFR. In contrast to the initial screening results, miR-139-5p, miR-143-3p,
miR-195-5p, miR-197-3p, miR-30a-5p, and miR-10b-5p were up-regulated after HI. There was no
differential expression after LI. (Figure 6, Table 1)
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Figure 6. Differences in miRNA expression pre- and post-training. Data are displayed as mean
and 95% confidence intervals. (a) LI-BFR, low-intensity training with blood flow restriction. (b) HI;

high-intensity training. (c) LI, low-intensity training.
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2.5. Associations between Training Outcomes and Circulating miRNAs

The pre-to-post changes in lactate concentration and miR-143-3p expression showed a significant
linear positive correlation (intervention partialized) of 7 = 0.34 (p = 0.048). This correlation is visualized
in Figure 7. Without considering the group as a partializing co-variate, lactate and miRNA-143-3p
differences were associated with a coefficient of » = 0.305; however, this correlation lacks statistical
significance (p = 0.075). No other systematic correlation between lactate concentration and miRNA
expressions occurred.
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Figure 7. Scatterplot diagram of miR-143-3p and lactate concentration with a correlation line (including
confidence intervals); LI-BFR, low-intensity training with blood flow restriction; HI, high-intensity
training, LI, low-intensity training.

3. Discussion

In this three-armed crossover study, we investigated the miRNA profiles in young, healthy athletes
before and after various resistance training interventions (HI and LI). In addition, we employed
peripheral blood flow restriction (LI-BFR) that was achieved by applying an external cuff during the
resistance training at LI. We assumed that BFR can mimic the occlusion of a larger artery, leading to an
increased collateral flow, and would therefore serve as an external stimulus of arteriogenesis.

The BFR application led to a decreased blood flow velocity in the popliteal artery, confirming our
first hypothesis. The HI intervention showed the largest effects on lactate, and all interventions led to a
comparable heart rate response. The LI intervention resulted in the smallest pre to post differences.
Hypothesis 2 was thus partially verified (depending on the outcome). Our results further suggest that
miRNA profiles were acutely affected by HI training and LI-BFR training but not by LI training alone.
In particular, miR-143-3p expression correlated with training intensity, which verifies Hypothesis 3.

The fact that BFR application led to a decrease in the blood flow velocity (Hypothesis 1) confirms
the validity of BFR. The reduction of 7.6 cm/s is far beyond the standard error of measurement found
in inter-rater reliability analyses [35] and can thus be considered as clinically relevant. The mean blood
flow velocity in the popliteal artery in PAD patients was recently found to be 41 + 17 (SD) cm/s [36],
which is considerably lower than the velocity we found in the no-cuff condition and is comparable to
the one we found in the blood flow-restricted condition. Consequently, one may consider our model
valid in terms of blood flow restriction and velocity, although the study population does not fully
mimic the PAD caused by atherosclerosis.
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All interventions induced increases in lactate and heart rate; the largest effects on lactate occurred
after the HI intervention, whereas all interventions led to a comparable heart rate response. The LI
intervention resulted in the smallest differences in pre- and post-intervention values in objective and
participant-reported outcomes. The finding of a BFR-induced increase in lactate concentration is in
accordance with previous reports [23]. The metabolic response thus varies with varying training
intensity. If BFR training effects comparable to those of 70% 1RM sessions without BFR are to be
reached, the current literature recommends BER training at 30% of the individual 1RM [18]. Though
we followed this recommendation, BFR elicited lower values/effects in some of the outcomes than
during/after HI training; this is in contrast to our second hypothesis, which was only partially verified.
One possible reason may be due to our sample. The majority of current studies adopting BFR training
or interventions at 30% of the 1RM refer to an elderly or untrained population [18]. For a trained
study population, a minority of studies in the literature suggest that 50% of the 1RM should be used to
achieve a sufficient metabolic response [24].

We further analyzed the profiles of circulating miRNAs before and after resistance training.
Our results of the quantification in each intervention group suggest that the profile of circulating
miRNAs is altered as an acute effect of resistance training. In particular, we identified six miRNAs
(miR-139-5p, miR-143-3p, miR-195-5p, miR-197-3p, miR-30a-5p, and miR-10b-5p) that are up-regulated
after HI training. Only miR-143 was found to be down-regulated after LI-BFR training. The LI training,
in contrast, had no systematic effect of either miRNA. Other studies also demonstrated both acute
effects of intensive stimuli (miRNA-21, miRNA-146a, miRNA-221, and miRNA-222) and training
effects (miRNA-146a, miRNA-222, and miRNA-20a) [37]. Consequently, we conclude that increased
training intensity leads to increased miR-143-3p. The correlation of the lactate difference (BFR-LI, LI,
and HI) and miR-143-3p abundance further indicates a decisive role depending on training intensity.
In detail, 3.5 mmol/L of pre-to-post lactate difference was determined as a potential threshold from
miR-143-3p down-regulation to its up-regulation. Consequently, a major share, but not only the lactate
concentration (or the intensity of the training), is decisive for miRNA expression—as is (to a minor
share) the type of training. More concretely, BFR seems not only to lead to lower lactate increases
but also tendentiously leads to a down-regulation of miRNA-143-3p, whereas LI seems to be able
to increase lactate concentration but does not affect miRNA-143-3p expression. The HI, in contrast,
seemed to be able to both up-regulate lactate and miRNA-143-3p. Whether the differences between the
conditions are due to the lower intensity or the type of training may be finally delineated by using the
intensity increase up to 50% during BFR, as described above.

We have previously shown an association of miR-195-5p and miR-143-3p with collateral growth [38].
Both of these species were found to be highly up-regulated in the vascular tissue itself, and miR-143-3p
was identified as an essential factor for proper collateral formation following femoral artery ligation in
mice. The acute and local blockade of miR-143-3p in these mice completely abrogated arteriogenesis.
In blood vessels, miR-143 is one of the most-studied miRNAs expressed by vascular smooth muscle
cells, and, together with miR-145, this miRNA is thought to play a pivotal role in smooth muscle cell
differentiation and vascular disease [8,13,39]. Furthermore, circulating miR-143-3p has been associated
with cardiovascular disease [40] and is considered to be a predictor of aging and the acute adaptive
response to resistance exercise [41].

Small volumes of capillary blood are routinely used for lactate diagnostics. We aimed to
establish this routinely used, less invasive method of fingertip blood drawing for obtaining cell-free,
non-hemolytic plasma samples suitable for the isolation and quantification of circulating miRNAs.
Indeed, this method was successful in yielding plasma samples reproducible in quality and volume.
All miRNAs identified, with the exception of miR-10b-5p, were validated in terms of independency
of hemolytic score. For miRNA profiling, we included plasma samples of four participants with an
ODyy4 < 0.3 and an increased lactate concentration after training intervention, a maximal heart rate
during training of at least 60% of maximal calculated heart rate, and a participant-reported “very hard”
intensity on the Borg scale of at least 16 points (data not shown).
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Our results are in line with the proposed epigenetic potential of lifestyle interventions that may
alter gene expression [42,43]. Therefore, we postulate that in order to maximize the beneficial role of
miR-143-3p in collateral growth, training intensity will have to be adjusted. For symptomatic PAD
patients, controlled training is an efficient, conservative therapy that is a good alternative to invasive
therapies. The formation of collaterals and compensatory blood flow is the goal of conservative
treatment. However, since the success of training varies, responders and non-responders must be
identified. Thus, future studies are needed to (1) confirm our findings in PAD patients, (2) delineate the
mechanisms of how miRNA-143-3p may be decisive in response or non-response to resistance training,
and (3) determine how a pre-intervention screening of miRNA-143-3p or other microRNAs can be used
to stratify responders and non-responders for the individualization of intervention/training goals.

4. Materials and Methods

4.1. Ethical Standard and Study Design

The study had a randomized-balanced crossover design. Ethical approval was obtained from the
local institutional review board (protocol number 2018-16, 17.06.2018, Ethics Committee Department 5
Psychology and Sports Sciences Goethe-University Frankfurt). The trial was conducted in accordance
with the ethical standards set down by the declaration of Helsinki (World medical Association)
Declaration of Helsinki-Ethical Principles for Medical Research Involving Human Subjects) with
its recent modification of 2013 (Fortaleza). All participants gave written informed consent prior to
study enrollment.

4.2. Sample

Participants were considered eligible if they fulfilled the following criteria: (1) Healthy and (2)
aged 18 to 30 years. Exclusion criteria comprised (1) severe psychiatric, neurological, or cardiovascular
diseases; (2) acute orthopedic disorders; (3) pregnancy; (4) muscle soreness; and (5) intake of painkillers,
analgesics, or muscle relaxants within the previous 48 hours.

4.3. Experimental Design

The experimental design incorporated three arms. Each participant performed each of the
three conditions once (on three different days with a washout of at least 7 days in between) in a
randomized, balanced sequence. Before the first exercise intervention, blood flow velocity to validate
the BER application and the individual 1RM from the knee extensor and knee flexor were determined.
During each training intervention, loading-associated outcomes were monitored. Acute effects were
determined using pre- and post-intervention measurements.

4.4. Blood Flow Velocity Measurement

The arterial blood flow velocity in the popliteal artery was measured in one leg (side randomly
chosen, in the prone position) with and without external blood flow restriction caused/provoked by
the BER cuff (7 cm wide; nylon pneumatic cuff) at 300 mm Hg. Doppler sonography (Siemens Acuson
X300, Munich, Germany) was used with spectral analysis, and data were gathered about components
of the flow profile. The procedure is reliable [35].

4.5. RM Determination

Prior to the IRM determination, participants warmed up by cycling for 5 min on a stationary
bicycle. After a one-minute rest, an individualized starting load (~80% of estimated the 1RM, estimation
based on sex, weight, and strength training experience) was moved through the full range of motion in
sagittal plane (knee extension and flexion). After each successful performance, the weight increased
until an attempt failed. One-minute rests were given between each attempt, and the IRM was attained
within a maximum of 5 attempts.
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4.6. Intervention

The three training conditions were (1) resistance training during BFR at 30% of the 1RM, (2)
resistance training without BFR at 30% of the 1RM, and (3) resistance training without BFR at 70% of
the 1RM. The possible sequences of the conditions to be performed were randomly assigned to the
participants in a balanced frequency. Resistance training comprised knee extensors and flexors on a
combination training device (Schnell M3 Diagnosis, Peutenhausen, Germany). In conditions (1) and (2),
resistance training with 30% of 1RM was adopted, and each exercise period consisted of 75 repetitions
divided into 4 sets with a rest period of 90 s. In contrast, in condition (3), the resistance training
was performed at 70% of the 1RM; here, 30 repetitions divided into 3 sets with a break of 90 seconds
between sets. During condition (1), blood pressure cuffs inflated to 300 mm Hg were applied to both
legs. The exercise protocols have been used previously in other studies and have been classified as low
risk [44]. The washout phase between test days was at least 7 days. On each test day, a standardized
control condition (“do-nothing” phase) was performed for 20 min before the test condition.

4.7. Assessments
4.7.1. Laboratory Analytic Outcomes

Blood Lactate Concentration

Before and directly after each intervention, capillary blood was taken by pricking the earlobe
with a safety lancet. The sample was applied directly to a test strip to determine lactate concentration
(mmol/l) by means of a portable, hand-held unit (Lactate Scout, SensLab GmbH, Leipzig, Germany).

Heart Rate

During the intervention, a chest belt (Polar H7) and heart rate receiver (Polar M 430) continuously
measured heart rate (beats/min). The maximum heart rate was selected for further analyses.

Mechanical Pain Threshold

Before and directly after each intervention, the mechanical pain threshold (N/cm?) was determined.
Participants reclined supine on a bench with their legs extended. With an algometer (FPK, Wagner
Instruments, Greenwich, CT, USA) pressure was applied on the skin (1 cm?). Three measurements
were taken in the middle of both mm. recti femoris. The average of the three measurements was
selected for further analyses.

Blood Sampling and Plasma Preparation for miRNA Profiling

In order to minimize pre-analytical variables that might influence the miRNA expression
profile, care was taken in the collection of blood and the preparation of plasma to prevent blood
cell contamination and hemolysis. Before and after each intervention, fingertip capillary blood
samples (>200 uL) were collected in microvettes (system for capillary blood collection) containing
Ethylenediaminetetraacetic acid (EDTA). Blood samples were centrifuged for 10 min at 3000 rpm and
4 °C. After the first centrifugation step, the upper plasma phase was transferred to a new tube without
disturbing the intermediate buffy coat layer. The plasma samples were centrifuged a second time for
10 min at 15,000 rpm and 4 °C. The cleared supernatant was carefully transferred to a new tube and
frozen at —80 °C.

Determination of Hemolysis

To assess hemolysis, oxyhemoglobin absorbance was measured at 414 nm in plasma samples
using NanoDrop (peqlab Biotechnologie GmbH; Erlangen, Germany).
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miRNA Isolation

Sample amounts were standardized by volume: The same volume of plasma was used for each
RNA isolation, and the same volume of purified RNA was used for all further analyses. The miRNAs
were isolated from 50 pL (GQRT-PCR) or 200 uL (PANEL screen) of plasma using a column-based protocol
(miRNeasy Serum/Plasma Advanced Kit, (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. cel-miR-39 from Caenorhabditis elegans (1 nM) was spiked in. In the final step, total RNA
(>18 nucleotides) was eluted using 20 L of RNase-free water.

Reverse Transcription and miRNA Profiling

For reverse transcription, the miRCURY LNA RT Kit (Qiagen, Hilden, Germany) was used.
Undiluted complementary DNA (cDNA, 20 uL) was used for miRCURY LNA miRNA Focus Panel
Human Serum/Plasma (YAHS-106Y) in the 2 X 96-well plate format. The Human Serum/Plasma Focus
Panel includes 179 miRNA assays targeting relevant miRNAs, reference miRNAs, and spike-in controls.

Reverse Transcription and qRT-PCR

Following reverse transcription as described above, quantitative real-time PCR was performed
using miRCURY LNA miRNA PCR assays (Appendix A) in a 10-uL reaction containing 3 puL of cDNA
(1:30) and a CFX real-time PCR detection system (BioRad, Munich, Germany). Assays were performed
in triplicate. The amount of the respective miRNA was normalized to miR-425-3p and cel-miR-39.

For the miRCURY miRNA PCR analysis, v1.0 raw C; data from real-time PCR were
up-loaded at (https://www.qiagen.com/us/shop/genes-and-pathways/data-analysis-center-overview-
page). Cel-miR-39-3p was used as an internal spike-in amplification control. A C; cut-off of 35 was set
as the lower limit of detection. A global C; mean of expressed miRNAs was used for normalization,
and the fold change was calculated as (2722Ct), which represents the average normalized miRNA
expression (2744t of the samples in the test group divided by the average normalized miRNA
expression (2722C) of the samples in the control group.

4.7.2. Self-Reported Outcomes

Self-reported outcomes consisted of rates of perceived exertion (RPE-Borg; Likert 6 to 20 point
scale) [45], current well-being assessments (feeling scale: (+5 to =5, 10 point Likert scale)), and fatigue
reporting (numeric rating scale NRS: 0 to 10 points). All self-reported parameters were assessed once
after each intervention. The participants were asked to refer to the highest intensity during (RPE and
feeling scale) or at the end (fatigue) of each intervention.

4.8. Data Analyses and Statistics

For all outcomes assessed before and after each intervention, real values and absolute pre-to-post
differences were used for further analysis. Continuously assessed variables were processed in their
real values.

After the following plausibility control, all analyses were performed based on the results of
the initial checking for relevant underlying assumptions to test for parametric or nonparametric
characteristics (data, distribution of the variances and variance homogeneity). Between-group
differences and pre-to-post changes were assessed using omnibus and follow-up post-hoc testing. SPSS
23 (SPSS Inc., Chicago, IL, USA) and GraphPad software PRISMS5 for Mac (GraphPad Software, La
Jolla, CA, USA) were used to conduct all statistical calculations and create figures. An alpha-error level
of 5% was considered to be a relevant cut-off value for significance testing, with p-values below 0.05
indicating significant differences.

Friedman tests were performed for omnibus between-group comparisons for all resistance
training outcomes (or the a priori calculated differences). For significant omnibus testing, post-hoc
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comparisons using post-hoc Bonferroni-Holm tests and alpha-error-adjusted Mann-Whitney-U-tests
were performed. For pre-to-post significance testing, Wilcoxon tests were performed.

To identify significant miRNA expression changes between conditions, a fold regulation was
calculated, and a fold-change threshold of 1.5 was defined. Significant miRNA expression changes
were visualized using the volcano plot. For each miRNA showing a significant expression change,
a pairwise group comparison (Student’s t-test) was made based on the 2724Ct value of the replicate
samples. The p-value calculation was based on a parametric, two-sample, equal variance, unpaired,
and two-tailed distribution.

The potential associations between the kinematic (treatment) effects of the miRNA and lactate
were analyzed using partial linear regression with the covariate group allocation.
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Abbreviations

miRNA microRNA

PAD Peripheral artery disease

BFR Blood flow restriction

FSS Fluid shear stress

HI High intensity

LI Low intensity

LI-BFR Low intensity with blood flow restriction
Appendix A

Table A1l. miRCURY LNA miRNA PCR assays for normalization.

hsa-miR-30e-5p YP00204714 5’UGUAAACAUCCUUGACUGGAAG
hsa-miR-148b-3p YP00204047 5"UCAGUGCAUCACAGAACUUUGU
hsa-miR-222-3p 'YP00204551 5 AGCUACAUCUGGCUACUGGGU
hsa-miR-425-5p YP00204337 5" AAUGACACGAUCACUCCCGUUGA
hsa-miR-484 YP00205636 5"UCAGGCUCAGUCCCCUCCCGAU

Table A2. miRCURY LNA miRNA PCR assays for screening hits.

hsa-miR-197-3p 'YP00204380 5'UUCACCACCUUCUCCACCCAGC
hsa miR-326 YP00204512 5'CCUCUGGGCCCUUCCUCCAG
hsa-miR-136-3p YP00205503 5'CAUCAUCGUCUCAAAUGAGUCU
hsa-miR-143-3p YP00205992 5"UGAGAUGAAGCACUGUAGCUC
hsa-miR-30a-5p YP00205695 5'UGUAAACAUCCUCGACUGGAAG
hsa-miR-139-5p YP00205874 5'UCUACAGUGCACGUGUCUCCAGU
hsa-miR-125a-5p YP00204339 5'UCCCUGAGACCCUUUAACCUGUGA
hsa-miR-125b-5p YP00205713 5"UCCCUGAGACCCUAACUUGUGA
hsa-miR-126-5p YP00206010 5'CAUUAUUACUUUUGGUACGCG
hsa-miR-10b-5p YP00205637 5'UACCCUGUAGAACCGAAUUUGUG
hsa-miR-195-5p YP00205869 5'UAGCAGCACAGAAAUAUUGGC
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Abstract: Cardiovascular disease remains the leading global cause of death, and the number of
patients with coronary artery disease (CAD) and exhausted therapeutic options (i.e., percutaneous
coronary intervention (PCI), coronary artery bypass grafting (CABG) and medical treatment) is on
the rise. Therefore, the evaluation of new therapeutic approaches to offer an alternative treatment
strategy for these patients is necessary. A promising research field is the promotion of the coronary
collateral circulation, an arterio-arterial network able to prevent or reduce myocardial ischemia in
CAD. This review summarizes the basic principles of the human coronary collateral circulation, its
extracardiac anastomoses as well as the different therapeutic approaches, especially that of stimulating
the extracardiac collateral circulation via permanent occlusion of the internal mammary arteries.

Keywords: human coronary collateral circulation; extracardiac anastomoses; collateral flow index;
collateral artery growth in man; permanent internal mammary artery occlusion

1. Introduction

According to the American Heart Association, “cardiovascular disease is the leading global cause
of death”, accounting for more than 17.6 million deaths in 2016, a number that is expected to grow to
more than 23.6 million by 2030 [1] In the event of acute coronary syndrome, percutaneous coronary
intervention (PCI) has been shown to be beneficial on outcome [2]. The beneficial effect of PCI on the
course of chronic stable coronary artery disease (CAD) has, so far, not been proven yet [3]. A recently
published randomized controlled trial among patients with stable, single-vessel CAD, the so called
ORBITA trial (e.g., Objective Randomised Blinded Investigation With Optimal Medical Therapy of
Angioplasty in Stable Angina) [4], found that PCI of the stenotic lesion did not prolong exercise time
by more than the effect of a sham procedure during the short observation period of six weeks. The new
aspect of the ORBITA trial was a methodological one, that is, the use of a sham control group of
patients undergoing the invasive coronary procedure, but not the actual PCI. The importance of a sham
control group in interventional procedures is pivotal, especially in a population with a high level of
suffering [5,6]. After all, it is known that the placebo effect can cause significant clinical improvements
(e.g., an increased exercise duration of >90 s [7]). Coronary artery bypass grafting (CABG), on the other
hand, has been found superior to PCI with respect to all-cause or cardiovascular mortality [8].

The number of patients with incomplete revascularization as well as so-called “no-option”-patients
(i.e., patients without options for PCI or CABG still suffering from symptoms of CAD despite optimal
medical therapy) is on the rise. Itis estimated, that 30,000-50,000 new patients are affected in continental
Europe per year [9] and Williams et al. reported a prevalence of 25.8% of incomplete revascularization
in patients with CAD [10]. Apart from the limited quality of life, these patients also have a higher
mortality at three years than patients with complete revascularization [10].
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Accordingly, new therapeutic approaches are required. Because of the known survival benefit
of patients with a well-developed coronary collateral circulation [11,12], interventions aiming at
the promotion of coronary collaterals are a promising strategy. Coronary collaterals represent
pre-existing inter-arterial anastomoses and as such are the natural counterpart of surgically created
bypasses. To this end, biochemical (e.g., intracoronary vascular-endothelial growth factor or
intravenous granulocyte-macrophage colony-stimulating factor) as well as biophysical (e.g., external
counterpulsation) approaches have been evaluated for the promotion of those collaterals.

The aim of this review is to describe basic principles of the coronary collateral circulation, its
extracardiac anastomoses as well as different therapeutic approaches, especially that of stimulating
extracardiac coronary supply via permanent occlusion of the internal mammary arteries.

2. Basic Principles of the Human Coronary Collateral Circulation

2.1. Coronary Collateral Circulation

The development of the cardiovascular system during embryogenesis occurs by vasculogenesis,
a process defined as “the de novo formation of blood vessels from endothelial precursor cells” [13].
Directed by the concentration of local messenger substance, endothelial precursor cells sprout out
and start forming a dense vascular network with multiple anastomoses. The density of this network
is at its peak in neonates and declines subsequently by physiological regression, a process called
pruning [14-16].

Nevertheless, it has been hypothesized early on and tested that the coronary anastomoses of the
neonate do not vanish completely but some collaterals rather recede in calibre. This concept has been
decisively advanced by the findings of the Scottish pathologist W.E. Fulton, who found “numerous
anastomoses in all normal hearts” by using a vascular overlay detecting technique with radiographic
contrast medium containing uniform particles sized 0.5-2.0 pm to visualize even small arteries [17].

Interestingly, with changing vascular pressure- and resistance conditions, it is possible to recruit
these receded arterial anastomoses. This process is often seen during the course of CAD with
development of a pressure gradient across a stenotic lesion, which itself induces augmented flow
in preformed arterial anastomoses and finally, structural augmentation of these collateral arteries
(arteriogenesis). Accordingly, the prevalence of functional coronary anastomoses depends on the
presence of CAD and is highest in chronic total coronary occlusions [16].

Coronary collaterals in patients without coronary atherosclerosis range in calibre between 10-200
um; collateral arteries of patients with CAD are approximately four times bigger (100-800 pm) [17].
This observation is in accordance with an experimental rabbit model, where occlusion of the femoral
artery increased the lumen diameter of pre-existent arterioles four- to fivefold [18]. “At the same time,
the growth in structural size goes along with a decreasing number of collateral arteries, a process
called pruning. Pathophysiologically and in the sense of the Hagen Poiseuille law, pruning may be
interpreted as a way of effectively reducing vascular resistance to collateral flow” [13].

2.2. Extracardiac Coronary Supply

Apart from inter-coronary arterial anastomoses, the human coronary arterial circulation is
supplied by several extracardiac anastomoses, also called the non-coronary collateral myocardial blood
flow (NCCMBF) [19]. Hence, the heart receives additional blood from the arteries of surrounding
structures [20-24]. Most of the extracardiac anastomoses originate from arteries, which supply the
pericardium [21] and these arteries are typically located at the sites of pericardial reflections (e.g.,
the entry of the caval veins or the exit of the great arteries) [22]. Thus, a well-known extracardiac
anastomosis connects the right internal mammary artery (IMA, also called internal thoracic artery) to
the right coronary artery via the pericardiacophrenic branch and the sinus node artery [25] (Figure 1).
This extracardiac coronary supply can also develop after coronary bypass surgery as shown exemplary
in Figure 2 [22].
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Figure 1. Angiographic demonstration of extracardiac coronary supply. (A) Posterior-anterior projection
of the right internal mammary artery (IMA, marked by *) and its connection to the right coronary
artery via the pericardiacophrenic branch (marked by +). (B) Lateral projection using the same markers.
Noteworthy, additional branches of the IMA (marked by #) heading towards the heart.

Figure 2. Angiographic demonstration of extracardiac coronary supply after coronary artery bypass
surgery. (A) Posterior-anterior projection of the left internal mammary artery bypass (marked by a
*) on the left anterior descending coronary artery (LAD, marked by a #). Upstream of the bypass
anastomosis, retrograde filling of the LAD is incomplete revealing coronary occlusion, which triggered
the arteriogenesis of the pericardiacophrenic branch (marked by a +) (B) Lateral projection using the
same markers revealing the connection of the pericardiacophrenic branch with the third diagonal
branch (marked by III).

Most commonly, NCCMBEF originates from the bronchial or the internal mammary arteries [22].
Bjork et al. showed a prevalence for bronchial-coronary-anastomoses of more than 20% by reviewing
200 coronary angiographies [26]. According to this observation, most of the anastomoses connect to
the left circumflex artery (LCX) and demonstrate poor blood flow. However, blood flow within an
anastomosis between two arterial beds depends on the respective vascular resistances. Thus, a constant
decrease of vascular resistance in one arterial bed causes an increased blood flow to it with associated
arteriogenesis. Consequently and depending on the underlying pathology, bronchial-to-coronary (e.g.,
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in the case of a chronic occluded coronary artery [27]) as well as coronary-to-bronchial anastomoses
(e.g., during chronic pulmonary diseases [28]) have been described.

Additional evidence for extracardiac anastomoses comes from the work of Hudson et al., who, by
injecting ink into the coronary arteries, demonstrated anastomoses with anterior mediastinal, phrenic
and intercostal arteries as well as with esophageal arterial branches of the aorta [21].

NCCMBF has also been increasingly recognized by cardiac surgeons as they discovered that
anastomotic blood flow can dilute, and thus, be a potential hazard to cardioplegia [23]. To quantify
this phenomenon, several studies have been conducted with reported values of anastomotic perfusion
ranging between 3.4 to 14 mL/100 g/min [29,30] during cardiopulmonary bypass with cross-clamping
of the aorta.

2.3. Quantitative Evaluation of the Coronary Collateral Circulation

The first in vivo functional coronary collateral measurements were conducted in the 1970s,
showing a direct relation between “angiographic appearance and functional performance of coronary
collaterals during bypass surgery” [31]. Rentrop et al. proposed a transluminal coronary angioplasty
approach, which divided the appearance of coronary collaterals in four groups (0 = no collateral filling
from the contralateral vessel to 3 = “complete filling of the epicardial segment of the artery”) [32].
Unfortunately, the method is only qualitative and evaluation of extracardiac collaterals is not feasible.

Thereafter a method for quantitative coronary collateral function assessment based on coronary
occlusive pressure measurements was introduced. The so called collateral flow index (CFI) [33,34]
“is the ratio between mean coronary occlusive and aortic pressure both subtracted by central venous
pressure as obtained during a 1-min proximal coronary balloon occlusion” [33] (Figure 3). The method
is accepted as the reference method for functional collateral assessment in patients with chronic stable
CAD [35,36]. In terms of sufficient collateral blood supply, it has been demonstrated that a CFI of
>0.20-0.25 is related to absent signs of ischemia on the intracoronary electrocardiogram (i.c.ECG)
during this 1-min coronary artery balloon occlusion [37,38].
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CFl has also been determined in patients with angiographically normal coronary arteries, revealing
functional collateral arteries “to the extent, that one fifth to one quarter of them (i.e., the patients without
coronary stenoses) do not show signs of myocardial ischemia during the brief vascular occlusions” [39].
Those findings of functional sufficient collaterals even in the absence of CAD support the above
mentioned pathoanatomic observations [17], that coronary anastomoses calibre remain functional to a
considerable degree.

3. Angiogenesis and Arteriogenesis

To understand the different therapeutic approaches for promoting the coronary collateral
circulation, it is crucial to differentiate between two basic physiologic principles, that is, angiogenesis
and arteriogenesis.

3.1. Angiogenesis

The formation of capillaries from pre-existing vessels to expand the microvascular system
by increasing the capillary density is called angiogenesis. Driven by several growth factors such
as hypoxia-inducible factor 1«, vascular endothelial growth factor (VEGF) [40] and inflammatory
mediators as well as inflammatory cells (mainly monocytes [41]), a local milieu is formed [42] which
promotes the proliferation and migration of endothelial cells, pericytes and smooth muscle cells.
Thereby, “the amplification of the vascular network occurs within a short time due to either abluminal
outgrowth (sprouting) or intraluminal division (intussusceptive growth) of capillaries” [43]. In contrast
to arteriogenesis, angiogenesis is mostly driven by metabolic demands (i.e., hypoxemia) [44]

3.2. Arteriogenesis

“Although capillary sprouting may deliver some relief to the underperfused territory, only true
collateral arteries are principally capable of providing large enough amounts of blood flow to the
ischemic area at risk for necrosis or loss of function.” [41] Hence, arteriogenesis is the process of outward
remodelling [44] (i.e., growth in diameter and length) of pre-existing anastomoses [45], resulting in an
increased flow capacity of the artery.

Fluid shear stress, “the product of spatial flow velocity changes during the cardiac cycle and
blood viscosity” [46] “is the primary and strongest arteriogenic stimulus” [47]. It leads to the
expression of nitric oxide (NO), VEGF and monocyte chemoattractant protein-1 (MCP-1), resulting in
the attraction and activation of monocytes [41,44,48-51]. Those inflammatory cells conduct the process
of arteriogenesis with induction of cell proliferation as well as preparation of the extracellular matrix
to enable cell migration [48].

Arteriogenesis is a common phenomenon that interventional cardiologists encounter on a daily
basis as it appears (e.g., in the course of hypertensive heart disease with concentric left ventricular
hypertrophy and augmented myocardial mass). Due to the direct and curvilinear relationship
between myocardial mass and coronary arterial cross-sectional area [52], structural remodelling (i.e.,
arteriogenesis of the epicardial coronary arteries) occurs, resulting in large vascular calibres and,
because of undirected growth, also affecting vascular length. Thus, this leads to the typical corkscrew
pattern that is seen in this condition (Figure 4A).



Int. ]. Mol. Sci. 2019, 20, 3726

Figure 4. Angiographic presentation of two different pathophysiological etiologies of arteriogenesis. (A)
Arteriogenesis in the course of hypertensive heart disease with concentric left ventricular hypertrophy.
Enlarged myocardial mass is the driving force behind this arterial growth. (B) Arteriogenesis solely
initiated by constant elevation of fluid shear stress. Iatrogenic drainage of the left anterior descending
artery (LAD) into the right ventricular cavity after myocardial biopsy significantly increased coronary
blood flow and consequently vascular size.

Importantly and in contrast to the previously outlined process of angiogenesis, myocardial ischemia
is unrelated to this process [53,54]. Arteriogenesis depends solely on physical pressure gradients
across pre-formed anastomoses between different arterial territories with consequent augmentation of
endothelial fluid shear stress [47,53,55]. Figure 4B illustrates this concept: After myocardial biopsy
with perforation of the LAD and consecutive drainage into the (low resistance) right ventricular cavity,
blood flow in the LAD increased due to the abrupt decrease in “vascular” resistance. As a consequence,
abundant growth of the LAD, both in cross-sectional area and length, could be observed [56].

4. Therapeutic Promotion of the Coronary Collateral Circulation

The following chapter summarizes the most promising therapeutic approaches of coronary
collateral promotion divided according to the basic concept of biochemical or biophysical methods.

4.1. Biochemical Concepts

In general, biochemical concepts are “prone to potentially harmful effects, since arteriogenesis
shares many common mechanisms with inflammatory diseases, such as atherosclerosis” [44].
Accordingly, Epstein et al. coined (biochemical) collateral promotion a “Janus Phenomenon”, that is,
“whatever intervention enhances collaterals increases atherogenesis and vice versa” [57].

With the rapid development of angiogenic growth factors and the growing understanding of
their mechanisms of action, multiple trials testing collateral growth promotion have been initiated.
Because of the known pivotal role of monocytes in orchestrating the different processes of angio- and
arteriogenesis [50], most of the projects focused on the activation or the recruitment of this cell line.
Growth factors most extensively studied have been granulocyte-macrophage colony-stimulating factor
(GM-CSF) [58-62], granulocyte colony-stimulating factor (G-CSF) [63-66] or monocyte chemoattractant
protein-1 (MCP-1) [41]. Besides, also different fibroblast growth factors (FGF) [67-69] and VEGF [70]
have been clinically tested. Altogether, this study showed that angiogenesis is less efficient than
arteriogenesis [71] for promoting bulk collateral blood flow, since it only promotes microvascular

152



Int. ]. Mol. Sci. 2019, 20, 3726

density. Consequently, clinical trials evaluating the effect of angiogenetic factors such as FGF or VEGF
have failed to demonstrate a therapeutic effect that exceeds the effect of placebo treatment [67,68,70].

Colony-stimulating factors, on the other hand, have been found to promote the formation of
large interconnecting arterioles (arteriogenesis), which are required for the salvage of myocardium
in the presence of occlusive CAD [58]. Buschmann et al. [61] found that a continuous infusion of
GM-CSF into the stump of the acutely occluded femoral artery of rabbits enhanced blood flow to
the hind limb five-fold. The mechanism of action in that study has been found to be the prolonged
survival of monocytes, “known to play a decisive role in arteriogenesis” [61]. In two small but
randomized and placebo-controlled clinical trials with 35 patients in total, GM-CSF has been shown to
be efficacious in a short-term subcutaneous administration protocol of two weeks [58,59]. Both studies
have demonstrated a significant increase in CFI (from 0.116 to 0.159; p = 0.028 respectively from 0.21 to
0.31; p < 0.05). Of note, this beneficial effect of GM-CSF in the promotion of coronary collateral growth
could not be transferred to the clinical setting of peripheral vascular disease, where it failed to improve
the walking time [60]. Further, one of the clinical trials using GM-CSF for arteriogenesis had to be
stopped prematurely for safety concerns in the context of two patients with acute coronary syndrome
in the treatment group [59].

G-CSF has been reported in meta-analyses to be safe in terms of major adverse cardiovascular
events (cardiovascular death, recurrent myocardial infarction and in-stent restenosis) and toleration of
the treatment injections [72-74]. These findings and promising animal test results [75] have led to a
randomized, placebo-controlled clinical trial in humans, in which subcutaneous G-CSF was shown to
increase CFI from 0.121 to 0.166 (p < 0.0001) when administered every other day for two weeks [63].
Despite the above meta-analyses, one study assessing the outcomes and risks of G-CSF in patients with
CAD has reported an increased frequency of adverse outcomes (i.e., acute coronary syndrome) [64].

In conclusion, despite the promising results of small clinical trials or animal models using
biochemical concepts to therapeutically promote the coronary collateral circulation, none of the
approaches evaluated so far could be successfully translated into clinical practice. Besides the above
mentioned limitations such as inefficient collateral formation (i.e., angiogenesis) or potentially harmful
propagation of atherogenesis (i.e., the “Janus Phenomenon” [57]), a number of additional unresolved
issues remains. These include questions relating to the dosage, the application route and the timing of
administration of growth factors [44]. Importantly, considering that “no-option” patients with extensive
CAD are the most likely candidates for coronary arteriogenesis, safety of any collateral-promoting
substance is crucial [59].

4.2. Biophysical Concepts

The biophysical concept of arteriogenesis is to increase tangential vascular shear stress in
preformed coronary anastomoses. One of the natural ways of increasing vascular shear stress is
physical exercise [76]. However, because of different comorbidities it is often not feasible for patients
with CAD to perform physical exercise training sufficiently. Thus, several other biophysical approaches
have been introduced and will be described subsequently.

4.2.1. Physical Exercise

The positive effects of physical exercise on the cardiovascular system have been known for a long
time [77]. For instance, it was concluded in 1958 by Morris and Crawford that physically active people
are less prone to develop stable CAD in comparison with sedentary people [78]. Physical exercise
has a positive effect on several cardiovascular aspects such as vascular remodelling, increase of the
maximal coronary blood flow (i.e., coronary flow reserve; CFR) as well as a decrease of coronary
artherogenesis [79,80].

Concerning the effect of training on coronary collateral function, Scheel et al. observed an
arteriogenetic effect of physical exercise in dogs with a constricted coronary artery whereas this effect
was not observed in dogs without coronary stenosis [81]. In the groups with artificial coronary occlusion,
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exercise stress doubled the collateral growth and hence, the coronary flow reserve when compared to
none exercised dogs. In humans, Zbinden et al. documented an increase of the quantitative parameter
CFl in a proof-of-concept study [82]. They evaluated CFI, CFR and other cardiac parameters before
and immediately after exercise training of a healthy marathon runner and demonstrated an increase of
CFI from 0.23 to 0.37. Two small, non-randomized clinical trials have supported the positive effect
of physical exercise on coronary collateral function, the increase in coronary cross-sectional area [83]
as well as dose-dependent relation between training and increase in CFI [84]. Those results are in
agreement with several other studies [80,85-89], which showed augmented perfusion by collateral
vessels in response to exercise training. Besides, there have been other clinical trials failing to show
a beneficial effect on the collateral circulation by exercise as assessed by angiographic imaging, but
not by functional measurements [90]. However, the authors mention the limited validity of the
angiographic approach and despite the negative outcome on coronary collateral formation, the exercise
group had a significant better clinical outcome concerning the frequency of cardiac symptoms and the
physical performance.

Recently, the first randomized clinical trial on the effect of physical exercise on coronary collateral
function has been published [91]. Mobius-Winkler et al. randomly assigned 60 patients to two training
groups (moderate- and high-intensity exercise with 10 h of training per week in each group) and one
control group (usual care with encouragement to perform regular physical activity according to current
recommendations). After four weeks, both exercise groups showed a significant increase in CFI (from
0.142 to 0.198, p = 0.005 respectively from 0.143 to 0.202, p = 0.004) without a statistically relevant
difference between the training modalities whereas CFI in the control group remained unchanged
(from 0.149 to0 0.150, p = n.s.).

In conclusion, the positive effect of physical exercise on the human coronary collateral circulation
has been repeatedly demonstrated. However, there remain important questions concerning the type
and extent of physical exercise for optimal promotion as well as the implementation for patients with
limited physical possibilities.

4.2.2. External Counterpulsation (ECP)

“External counterpulsation therapy was first developed as a resuscitative tool to support the
failing heart and was based on the hemodynamic principles of the intra-aortic balloon pump”, which
is the augmentation of diastolic blood flow with consecutive improvement of coronary perfusion as
well as ventricular afterload reduction [92]. ECP uses three pairs of pneumatic cuffs wrapped around
each of the lower extremities. Those cuffs are sequentially inflated from distal to proximal triggered by
the ECG. Besides augmenting diastolic blood flow and reducing ventricular afterload, ECP increases
tangential endothelial shear stress triggering arteriogenesis. Used as a safe, effective and low-cost
second line treatment in refractory angina pectoris, ECP has been shown to be efficacious in reducing
CAD symptoms as well as improving exercise time [92-96]. Of note, the positive effect appears to
outlast the actual, conventional seven week period of treatment [97].

The effects of ECP on the coronary collateral circulation have been evaluated in two invasive
clinical trials. Buschmann et al. demonstrated in a non-randomized study a significant increase in
CFI. Other invasive parameters obtained in that study as the index of microvascular resistance (IMR)
or quantitative coronary angiography (QCA) remained unchanged and hence, the increase of CFI
reflected a “true” improvement of the myocardial blood flow [98]. These results have been confirmed in
a randomized, sham-controlled clinical trial with an increase in CFI from 0.125 to 0.174 at a four-week
follow-up exam (p = 0.006) in the experimental, but not in the placebo group (CFI changed from 0.129
to 0.111, p = 0.14) [46].

Recently, the principle of external counterpulsation has been individualized in order to alleviate
the side effects of ECP (i.e., the cumbersome procedure with high pressure levels), thus increasing its
acceptance. The so called individual shear rate therapy (ISRT) adjusts the used treatment pressures of
the pneumatic cuffs according to individually adapted intra-arterial shear rates to achieve the same
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effect with reduced pressure values [99]. The calculation is based on Doppler-flow parameters in the
common carotid artery at different treatment pressure values. Due to this procedure, the individually
calculated treatment pressure ranged between 160 to 220 mmHg instead of the regular treatment
pressure of 250 to 300 mmHg.

4.2.3. Coronary Sinus Reducer

The biophysical concept of the coronary sinus reducer is based on a perioperative approach
during heart surgery with artificially narrowed coronary sinus for augmented retro-perfusion [100].
The exact pathophysiologic principle for a beneficial effect remains unclear [101]. One proposed
mechanism assumes that the venous back pressure as applied in the coronary sinus is regionally
balanced in the venous, but not in the vascular bed upstream of the microcirculation [102]. Based on
the two regionally counteracting responses of the microcirculation during myocardial ischemia, that
is maximal vasodilatation and increased myocardial compressive forces (i.e., augmented ventricular
wall stress due to diminished myocardial thickness), regional imbalance in microvascular resistance
with higher resistance in the ischemic area arises. Thus, augmented venous back pressure is able to
reach the non-ischaemic microcirculation more easily than the ischaemic one, thereby increasing the
microcirculatory resistance in the non-ischaemic zone. This leads to a flow diversion of arterialised
blood to the ischaemic area at risk under the necessary condition of functional collateral connections
originating from the non-ischaemic area [102].

Due to advances in percutaneous coronary intervention, and at the same time, increasing number
of patients with refractory angina pectoris, several investigators have picked up this approach by using
balloon-expandable, hourglass-shaped devices to physically narrow the coronary sinus [103-105]. In a
first-in-man study, this device has demonstrated relief of angina pectoris in 12 out of 14 patients without
options for coronary revascularization [103]. Subsequently, Verheye et al. performed a randomized,
sham-controlled clinical trial in 104 patients, which confirmed the results of the first study [101].
They showed an improvement in Canadian Cardiovascular Society (CCS) score as well as quality of
life. Nevertheless, exercise time and mean change in the wall motion index as assessed by means of
dobutamine stress echocardiography remained unchanged [101]. Subsequently and to evaluate the role
of this device in future clinical practice, a post marketing study is currently enrolling selected patients
without revascularization options (called Reducer-I-study; NCT02710435). They plan to recruit over
400 patients and assess the clinical efficacy as well as the long-term outcome with follow-ups up to five
years after implantation [104].

4.2.4. Pharmacologic Biophysical Arteriogenesis

Ivabradine, a specific inhibitor of the I;-channel mainly expressed in sinoatrial nodal cells [106],
specifically decreases the heart rate without affecting cardiac contractility, afterload or vasomotion as it
occurs with beta-blockers [107,108]. Based on the biophysical rationale of diastolic prolongation by
ivabradine with extension of diastolic vascular shear stress, a small randomized placebo-controlled trial
has demonstrated a significant increase in CFI by ivabradine (from 0.107 to 0.152, p = 0.0461) [109]. This
result is in accordance with several other trials, which have shown an arteriogenic effect on coronary
arteries by initiating bradycardia [110-112]). However, despite the promotion of coronary collateral
supply, ivabradine has not been shown to be efficacious with respect to cardiovascular outcomes
(composite of death from cardiovascular causes or nonfatal myocardial infarction) in patients with
stable CAD [106] in bigger randomized trials such as the BEAUTIFUL [113] and SIGNIFY trials [114].

5. Therapeutic Promotion of Extracardiac Coronary Supply

The anatomical connection between the IMAs and the coronary arteries via their most proximal
branch (i.e., the pericardiacophrenic artery departing at the first or second intercostal space) is well
documented [21,22,25] (Figures 1 and 2). Additionally, due to the connection of the IMAs with the iliac
external arteries via the superior and inferior epigastric arteries, collateral supply from the caudal side
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amounts to approximately two thirds of the flow during IMA patency [102]. This dual blood supply
along with the direct anatomical connection to the coronary circulation provided the rationale for the
IMA ligation method as a surgical treatment for angina pectoris. Using a small incision between the
second and third rib under local anesthesia, transthoracic surgical access and ligation of the IMAs
was first performed by D. Fieschi in 1939 (i.e., before the advent of modern cardiac surgery with
cardioplegia and heart-lung-bypass) [115]. Later on, the approach was tested by a series of trials carried
out in the late 1950s [116-122]. The primary end point of those clinical trials was angina pectoris
and, inconsistently, ECG signs of myocardial ischemia. Battezzati et al. [116], after identifying anew a
connection between both IMAs and the myocardium, reported consistent improvement in terms of
cardiac symptoms in a uncontrolled trial among 304 CAD patients in 1959. Notable, this improvement
was sustained during a follow-up of up to four years after the surgical intervention. In a further
uncontrolled trial among 50 CAD patients, Kitchell et al. [123] reported similarly favorable results with
symptomatic relief in 68% of the patients undergoing bilateral IMA ligation.

The following sham-controlled trials of bilateral IMA ligation in 35 CAD patients coined the phrase
“surgery as placebo” in the context of their negative results [124-126]. Although the introduction
of a sham-control study design in the context of surgical trials was seminal [127], the conclusion
drawn from the negative results of the IMA ligation trials at hand is questionable. In the trial by
Cobb et al. [125], angina pectoris relief was found in five of eight patients (63%) after IMA ligation
and in five of seven patients (71%) after IMA sham ligation. Dimond et al. [126] reported nine of 13
patients in the verum and five of five patients in the sham-operation group, respectively. Thus, the
abrupt stop of bilateral transthoracic IMA ligation was mainly caused by the advent of modern cardiac
surgery with bypass grafting rather than by the slim evidence against IMA ligation claimed by the
controlled trials. Especially because the soft study end point of angina pectoris would have required
patient numbers at one order of magnitude higher than those recruited for the sham-controlled IMA
ligation trials [125,126].

Because of the slim evidence against IMA ligation and the promising surgical results in terms
of symptomatic relief, this therapeutic concept was revived 75 years after the first attempt using
percutaneous interventional techniques. In the context of soft study endpoints, the first observational
interventional study on the function of coronary supply by the IMAs has predefined intracoronary ECG
(i.c.ECG) ST-segment elevation during coronary occlusion, not angina pectoris, as the first end point for
ischemia [128]. In this trial, myocardial ischemia has been induced twice with and without simultaneous
IMA occlusion by proximal coronary balloon occlusion in the process of CFI measurement. Further, to
eliminate the effect of coronary collateral recruitment or ischemic preconditioning occurring during the
second (but not the first) occlusion on the collateral circulation, CFI measurement with simultaneous
IMA occlusion was performed before the control measurement without IMA occlusion. Despite
this conservative study design, the approach showed a consistently reduced i.c.ECG ST-segment
elevation during ipsilateral IMA with RCA or LAD occlusion as an expression of reduced ischemia.
Further, CFI has been found higher in the presence versus the absence of IMA occlusion in 68% of the
measurements, and overall, this difference amounted to +0.025 compared with the absence of IMA
occlusion (p < 0.0001) [128]. However, contralateral IMA occlusion did not cause an effect indicating
the necessity of anatomic vicinity. In this trial, functional connection between the coronary arteries and
the IMAs was slightly less frequent in case of LAD with left IMA occlusion (25 of 30 measurements)
than in the case of RCA with right IMA occlusion (28 of 30 measurements).

Based on those functional findings, an anti-ischemic therapeutic approach consisting in distal
IMA occlusion by interventional techniques could be a promising therapeutic alternative to IMA
bypass grafting. In an open-label proof-of-concept study, Stoller et al. investigated a catheter-based
permanent IMA occlusion in the setting of the less frequently grafted right IMA among patients with
ischemia in the RCA territory [129]. In this study, 50 patients with chronic stable CAD underwent
permanent device occlusion of the distal right IMA. CFI of the RCA measured immediately before
and six weeks after the IMA-occlusion showed a consistent increase from 0.071 at baseline to 0.132
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(p < 0.0001). Further, this augmented coronary blood supply was reflected by the i.c.ECG as a direct
measure of myocardial physiology revealing a decreased ischemia during RCA occlusion from baseline
to follow-up examination (p = 0.0015). Figure 5 illustrates this increased collateral function along with
decreased myocardial ischemia during coronary occlusion as outlined by an absent ST-deprivation in
the ECG of the follow-up intervention.
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Figure 5. Collateral flow index (CFI) measurements of the right coronary artery (RCA) with
corresponding electrocardiograms (ECG) after a one-minute proximal coronary balloon occlusion. (A)
CFI measured immediately before permanent right internal mammary artery occlusion showing a
collateral blood supply of 0.100 and marked ST-deprivations in the ECG as a sign of ischemia (marked
with an arrow). (B) Six weeks after the permanent occlusion, CFI increased to 0.250 (+0.150). This
augmented coronary blood supply is reflected by the ECG revealing a decreased ischemia without
ST-deprivations (marked with an arrow).

To conclude, augmentation of extracardiac coronary supply by permanent right IMA device
occlusion is effective and feasible. However, if and how this increased collateral blood flow
improves clinical outcome parameters is subject of current research. For this reason, a randomized,
sham-controlled and double-blind clinical trial is currently enrolling patients (NCT03710070). It aims
to include 250 patients in order to assess the clinical efficacy (measured as treadmill exercise time
increment) in the next few years.

6. Conclusions

Based on the growing problem of patients with coronary artery disease and incomplete
revascularization, several promising therapeutic alternatives for myocardial revascularization have
been examined. Because of the known survival benefit of patients with a functional coronary collateral
circulation, its promotion is a promising concept. However, until now, none of the evaluated concept
could be implemented in daily clinical practice despite appealing results in clinical trials.

Biochemical concepts of angio- or arteriogenesis by growth factors seem to be prone to potentially
harmful effects, since arteriogenesis shares many common mechanisms with inflammatory diseases,
such as atherosclerosis. Thus, the risk benefit ratio is inappropriate and further research using growth
factors was discontinued.
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Biophysical concepts are based on increasing arteriogenesis via elevated tangential vascular
fluid shear stress. Physical exercise training or external counterpulsation have been documented to
positively affect clinical symptoms as well as coronary blood flow. The effect of both physical arteriogenic
procedures is, however, transient (i.e., vanishes after its termination) and the time-consuming procedure
of several hours per week limits the use to selected, highly motivated patients.

Alternative techniques such as coronary sinus reduction or promotion of extracardiac coronary
supply by permanent occlusion of the distal internal mammary artery are promising approaches, since
they have a permanent effect and ought to be efficacious in reducing myocardial ischemia to the effect
that it is clinically relevant. Both approaches are being currently studied in ongoing clinical trials
(NCT0271043 respectively NCT03710070) and the results of these investigations will clarify the clinical
potential of those new therapeutic methods.
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Abbreviations

CABG Coronary Artery Bypass Grafting

CAD Coronary Artery Disease

CCSs Canadian Cardiovascular Society-Score
CFI Collateral Flow Index

CFR Coronary Flow Reserve

ECG Electrocardiogram

ECP External Counterpulsation

FGF Fibroblast Growth-Factor

G-CSF Granulocyte Colony-Stimulating Factor
GM-CSF  Granulocyte-Macrophage Colony-Stimulating Factor
IMA Internal Mammary Artery

IMR Index of Microvascular Resistance

ISRT Individual Shear Rate Therapy

LAD Left Anterior Descending (Artery)

LCX Left Circumflex Artery

MCP-1 Monocyte Chemoattractant Protein-1
NCCMBF  Noncoronary Collateral Myocardial Blood Flow
NO Nitric oxide

PCI Percutaneous Coronary Intervention
QCA Quantitative Coronary Angiography
RCA Right Coronary Artery

VEGF Vascular Endothelial Growth-Factor
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