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Editorial on Research Topic

Arteriogenesis and Collateral Remodelling in Ischaemic Disease

Development of atherosclerosis leads to narrowing/blockage of large and medium sized arteries
and subsequent restriction of blood supply to downstream tissues. Ischaemic disease, including
ischaemic heart disease and critical limb ischaemia, presents a serious medical and economic
burden to aging societies (1). Reopening or replacing the diseased artery (by percutaneous
intervention with stenting or by vascular bypass surgery) are effective therapeutic strategies to
restore perfusion in the ischaemic tissue. However, these invasive interventions are typically
employed at a late-stage of disease when critical ischaemia has been well established. Notably, there
is a large group of patients who are not eligible/suitable for surgical intervention, either because
of the complex vascular pathology or lack of suitable autologous vascular grafts. Crucially, any
validated alternative interventions for ischaemic disease are still lacking (2).

The concept of therapeutic angiogenesis was developed in this context with the aim to
promote reperfusion in the ischaemic tissue via stimulation of angiogenesis (3). A range
of therapeutic approaches have been explored to encourage angiogenesis around and in the
ischaemic tissue that includes delivering proangiogenic factors, proangiogenic gene therapies and
stem cell-based therapies (3–6). Unfortunately, the clinical therapeutic benefit of any of these
approaches is marginal and inconclusive. There is a substantial amount of investigation and
discussion around the technological issues of these therapeutic approaches including the delivery,
retention and viability of transplanted cells (7, 8), and the side effects of gene therapy (e.g.,
inflammation, off-target angiogenesis, plaque destabilization and thrombosis) (2). It is yet to be
determined whether improvement of therapeutic technologies may further improve the efficacy of
therapeutic angiogenesis.

To date, the majority of research in this area focuses on stimulation of angiogenesis, whereas
the importance of arteriogenesis (or collateral artery growth) on effective reperfusion is somewhat
overlooked. A key fact is that the vascular diameter is a determinant of the vessel’s ability to conduct
blood. According to Poiseuille’s Law, Q = (1Pπ

4)/(8µL), the ability of an artery to conduct blood
flow is proportional to the 4th power of its radius. That is to say, it will require 1.6 billion new
microvessels (at diameter of 10µm) to replace a blocked artery (at a diameter of 2mm). In this
sense, angiogenesis on its own is very unlikely to re-establish the urgently needed blood supply to
ischaemic tissue.
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By contrast, the vascular network does reserve capability
to grow collateral arteries to boost blood supply in response
to ischaemia or increased metabolic demand. In fact, some
therapeutic angiogenesis studies have reported significant
collateral growth along with angiogenesis, revealing that
some proangiogenic factors also have direct effect on
arteriogenesis (3–6). Nevertheless, the availability of focused
research on mechanisms of arteriogenesis and collateralisation
are insufficient despite the great potential of this approach
in therapeutics.

In the Research Topic ‘Arteriogenesis and Collateral
Remodelling in Ischaemic Disease’, Wu et al. report an alternative
strategy to enhance angiogenesis which does not improve
reperfusion in a mouse hindlimb ischaemia model. In this study,
the correlation between the rapid reperfusion and collateral
artery growth in the first week suggests arteriogenesis plays a
critical role in early post-ischaemia reperfusion. This is in line
with the evidence that following inhibition of arteriogenesis
(e.g., by CD44 knockout) in a similar animal model, there was
significant suppression of collateral growth and reperfusion by
1 week (9). Further research is needed to understand the role
of arteriogenesis as a quick responding mechanism to relieve
acute ischaemia and the potential it may have as a therapeutic
target (10). In the clinical sector, Shao et al. report retrospective
evidence that visceral obesity correlates with poor coronary
collateralisation and poor prognosis. This reassures the clinical
importance of collateralisation in ischaemic heart disease. The
fact that collateralisation is regulated by the patients pathological
condition (visceral obesity in this case) suggests that it could
serve as a valid therapeutic target.

Monocyte recruitment is a well-recognized mechanism to
initiate arteriogenesis (11). However, the detailed mechanism
of collateral growth is still not well understood. The study
by Andraska et al. provide new insights to vascular matrix
remodeling following monocyte recruitment. The counter
balanced elastolysis and elastogenesis plays a critical role in
the expansion of diameter of the collateral artery. A more
comprehensive picture of matrix remodeling in arteriogenesis
is summarized in a review by Kulkarni et al.. It is becoming

clear that arteriogenesis and atherosclerosis share some common
underlying pathways in matrix remodeling, and the outward
growth during arteriogenesis leads to a weakened vascular matrix
and increases the risk of developing an aneurysm. This dilemma
makes it very difficult to develop effective medical interventions
to stimulate arteriogenesis.

Jiang et al. report that intramuscular injection of autologous
peripheral blood mononuclear cells to no-option critical limb
ischemia patients improves the quality of life and reduces
the major amputation rate up to 3 years. Although the exact
mechanism of this cell-based therapy is unclear, it is possible that
local administration of mononuclear cells may mimic the effect
of recruitment of monocytes to collateral arteries. There is no
doubt that the positive clinical outcome reported in this study will
stimulate follow-up studies to reveal the underlining mechanism
and to refine the clinical therapeutic protocol.

Finally, the work by Silva et al. further extends our
understanding of arteriogenesis from physical enlargement to
dynamic functional adaptation. It reveals that the temporal
denervation and reinnervation of the arterial wall are closely
coupled with smooth muscle cell proliferation and subsequent
functional maturation. This opens up the question on how
maturation of the arterial wall following arteriogenesis may affect
downstream perfusion.

The accumulating evidence of the importance of
arteriogenesis in ischaemic disease is raising the awareness
of its value as a therapeutic target. Meanwhile, powerful
research tools are still essential to allow accurate assessment
of the collateral growth and the efficacy of novel treatments in
ischaemic reperfusion, including high resolution 3D imaging,
quantification and analysis of collateral size, shape, functionality,
networking, hemodynamics and downstream perfusion.

AUTHOR CONTRIBUTIONS

JW, DZ, and SC: developing/editing the Research
Topic and writing/revising the editorial manuscript.
All authors contributed to the article and approved the
submitted version.

REFERENCES

1. Duff S, Mafilios MS, Bhounsule P, Hasegawa JT. The burden of critical limb

ischemia: A review of recent literature. Vasc Health Risk Manag. (2019)

15:187–208. doi: 10.2147/VHRM.S209241

2. Simon F, Duran M, Garabet W, Schelzig H, Jacobs M, Gombert A. Gene

therapy of chronic limb-threatening ischemia: vascular medical perspectives.

J Clin Med. (2022) 11. doi: 10.3390/jcm11051282

3. Annex BH. Therapeutic angiogenesis for critical limb ischaemia. Nat Rev

Cardiol. (2013) 10:387–96. doi: 10.1038/nrcardio.2013.70

4. Hiramoto JS, Teraa M, De Borst GJ, Conte MS. Interventions for lower

extremity peripheral artery disease. Nat Rev Cardiol. (2018) 15:332–

50. doi: 10.1038/s41569-018-0005-0

5. Ylä-Herttuala S. Cardiovascular gene therapy with vascular endothelial

growth factors. Gene. (2013) 525:217–9. doi: 10.1016/j.gene.2013.03.051

6. Jazwa A, Florczyk U, Grochot-Przeczek A, Krist B, Loboda A, Jozkowicz

A, et al. Limb ischemia and vessel regeneration: is there a role

for VEGF? Vascul Pharmacol. (2016) 86:18–30. doi: 10.1016/j.vph.2016.

09.003

7. Wu J, Li J, Zhang N, Zhang C. Stem cell-based therapies in ischemic

heart diseases: a focus on aspects of microcirculation and inflammation.

Basic Res Cardiol. (2011) 106:317–24. doi: 10.1007/s00395-011-

0168-x

8. Amer MH, Rose FRAJ, Shakesheff KM, Modo M, White LJ. Translational

considerations in injectable cell-based therapeutics for neurological

applications: concepts, progress and challenges. NPJ Regen Med. (2017)

2. doi: 10.1038/s41536-017-0028-x

9. Van Royen N, Voskuil M, Hoefer I, Jost M, De Graaf S, Hedwig F, et

al. CD44 Regulates arteriogenesis in mice and is differentially expressed in

patients with poor and good collateralization. Circulation. (2004) 109:1647–

52. doi: 10.1161/01.CIR.0000124066.35200.18

10. Hakimzadeh N, Verberne HJ, Siebes M, Piek JJ. The future

of collateral artery research. Curr Cardiol Rev. (2014) 10:73–

86. doi: 10.2174/1573403X113099990001

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 June 2022 | Volume 9 | Article 916218

https://doi.org/10.3389/fcvm.2021.795823
https://doi.org/10.3389/fcvm.2021.742855
https://doi.org/10.3389/fcvm.2021.762094
https://doi.org/10.3389/fcvm.2021.761007
https://doi.org/10.3389/fcvm.2021.769472
https://doi.org/10.3389/fcvm.2022.805810
https://doi.org/10.2147/VHRM.S209241
https://doi.org/10.3390/jcm11051282
https://doi.org/10.1038/nrcardio.2013.70
https://doi.org/10.1038/s41569-018-0005-0
https://doi.org/10.1016/j.gene.2013.03.051
https://doi.org/10.1016/j.vph.2016.09.003
https://doi.org/10.1007/s00395-011-0168-x
https://doi.org/10.1038/s41536-017-0028-x
https://doi.org/10.1161/01.CIR.0000124066.35200.18
https://doi.org/10.2174/1573403X113099990001
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wu et al. Editorial: Arteriogenesis and Collateral Remodelling in Ischaemic Disease

11. Hollander M, Horrevoets A, Royen N. Cellular and pharmacological

targets to induce coronary arteriogenesis. Curr Cardiol Rev. (2014) 10:29–

37. doi: 10.2174/1573403x113099990003

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Wu, Zhu and Currie. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 June 2022 | Volume 9 | Article 916218

https://doi.org/10.2174/1573403x113099990003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Editorial: Arteriogenesis and Collateral Remodelling in Ischaemic Disease
	Author Contributions
	References


