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Editorial on Research Topic

Non-pharmacologic Sustained Endothelial Shear Stress: An Evolving Clinical Paradigm

The endothelium plays an important role in the physiology and pathophysiology of a multitude
of diseases. Whether the endothelium is the primary or secondary target in these diseases remains
an open question. What is clear is that endothelial cells (EC) respond to mechanical signals to
produce endogenous substances that signal to other cells in order to induce secondary signaling via
endogenous proteins. The extension of the endothelium in the human body is so vast, that EC are
a formidable target for therapeutic interventions which harness some of their beneficial output.

In this Research Topic, we broadly wanted to call the attention of the readership to how non-
pharmacological interventions can modify EC biology. The signaling pathways which lead to the
beneficial effects were explored using various clinically relevant models such as diabetes, muscular
dystrophy, atherosclerosis, and congenital aortic valvar disease.

Adams et al. in their narrative review present an introduction to endothelial function in
diabetes and the salient features of endothelial dysfunction in diabetes, followed by description
of the concept of both pulsatile and laminar shear stress (SS) and endothelial output, most
specifically endothelial derived nitric oxide (eNO). Interventions to induce pulsatile shear stress
(PSS) on the human body are discussed, with physical exercise being the prototype of a non-
invasive method to induce PSS. The non-invasive modalities to produce PSS were reviewed on
the basis of the published literature. In addition to exercise, other non-invasive modalities to
produce PSS are reviewed such as Enhanced External Counter Pulsation (EECP), Whole Body
Vibration(WBV), Whole Body Periodic Acceleration (WBPA), and Passive Simulated Jogging (JD).
All the aforementioned were reviewed with focus on their effects on diabetes. The authors provide a
table of the currently known mechanical and biochemical effects of each modality, along with their
effect on diabetes and ease of use (Table 1). They showed that the vasculoprotective, antioxidant,
anti-inflammatory and glucose lowering effects of PSS can be harnessed, and form the basis of a
paradigm shift for protection.

Signaling pathways induced by PSS usingWBPA was utilized by Uryash et al. in a genetic model
of Duchenne muscular dystrophy (DMD, dystrophin deficiency) cardiomyopathy. In an elegant
fashion, using in vitro ion selective microelectrodes, these investigators showed the intracellular
effects of WBPA. Furthermore, they showed that exposing mice to WBPA for 1 hr per day, 5 days
per week, for 3 months, decreased intracellular calcium dyshomeostasis, reactive oxygen species
(ROS) production and improved cell viability and cardiomyocyte contractility. These findings were
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TABLE 1 | The effects of non-pharmacologic interventions which increase pulsatile shear stress on selected diseases.

Interventions to increase Pulsatile Shear Stress References

Exercise EECP WBV WBPA/JD

Central nervous system

Stroke + + unk + Martinez-Murillo et al., 2009; Belfiore et al., 2018; Park

et al., 2018; Liu et al., 2019

Post cardiac arrest ± unk unk + Adams et al., 2003; Connolly et al., 2015

Parkinson’s-disease + unk ± + Uhrbrand et al., 2015; Southard et al., 2018; Dincher

et al., 2019

Cardiovascular

Hypertension + + + + Cornelissen and Smart, 2013; Wong et al., 2016;

Sackner et al., 2019; Liang et al., 2020

Myocardial infarction + + + + Miyamoto et al., 2011; Anderson et al., 2016; Qin et al.,

2016; Shekarforoush and Naghii, 2019

Peripheral artery disease + + + + Rokutanda et al., 2011; Martin et al., 2012; Lane et al.,

2017; Mahbub et al., 2019

Pulmonary

Asthma + unk unk + Abraham et al., 2006; Eichenberger et al., 2013

COPD + + + + Paneroni et al., 2017; Zhou et al., 2018; Sabater et al.,

2019; Zhao et al., 2020

Pulmonary hypertension + unk + + Adams et al., 2000; Gerhardt et al., 2017; Morris et al.,

2017

Infection-Sepsis + unk ± ± Alawna et al., 2020; Sackner and Adams, 2020; Sanudo

et al., 2020

The beneficial effects of various non-pharmacologic interventions which modify pulsatile shear stress; Exercise, Enhanced External Counterpulsation (EECP), Whole Body Vibration

(WBV), and Whole Body Periodic Acceleration or Passive Simulated Jogging (WBPA/JD) on selected diseases. A beneficial effect (+), unknown (unk), possible or highly likely (±).

Selected references were obtained first from the most recent meta-analysis or systematic review, then from clinical studies or compelling animal data, and lastly review data.

coupled with genomic upregulation of Utrophin, which improves
muscular contractility in DMD (Perkins and Davies, 2002;
Soblechero-Martin et al., 2021). The changes were abolished
by nitric oxide synthase inhibition prior to WBPA, suggesting
NO is operative in the signaling pathway of WBPA. There
are clinical implications to this work, since exercise is not
a viable strategy in these patients due to severity of muscle
weakness. WBPA provides a potential non curative but simple
therapeutic strategy.

Antequera-González et al. reviewed the link between
endothelial dysfunction (ED) and congenital bicuspid aortic
valve (BAV). BAV has been shown to be associated with
congenital genetic abnormalities in various signaling pathways
[Notch-1, Roundabout guidance receptor 4 (ROBO4), GATA
binding protein 4(GATA4)]. Disturbed flow and wall shear
stress patterns in the aorta of BAV subjects was shown to induce
ED. The review addresses the question of the contribution
of genetic abnormalities and hemodynamic alterations in ED
observed in BAV. Figure 2 of the manuscript provides a detailed
hypothesis driven model of how each can be contributory to
ED. The authors enumerate potential therapeutic interventions
such as; endothelial progenitor cells, endothelial colony forming
cells, pharmacologic therapy [angiotensin-converting enzyme
1 (ACE1) inhibitors, statins, antioxidants], and gene silencing
therapy (miRNA). The latter have not been validated in ED
induced by BAV. It is plausible that some of the mechanical
interventions proposed in the manuscript by Adams et al. could

also improve endothelial function in BAV, since WBPA, EECP,
exercise, and WBV have been used in patients with ED and
found to improve flow mediated vasodilation (Sakaguchi et al.,
2012; Gurovich and Braith, 2013; Takase et al., 2013; Beck et al.,
2014; Ashor et al., 2015; Jaime et al., 2019; Xu et al., 2020).

Wang et al. reviewed the link among primary cilia on
endothelial cells, blood flow, and atherosclerosis. It has been
established that endothelial cells lining blood vessels where
the blood follows a laminar flow usually lack primary cilia.
On the other hand, endothelial cells located in areas with
turbulent or oscillatory flow present a higher number of
these sensory cellular elements. The presence of primary
cilia protects the endothelium and cardiovascular health by
mediating several intracellular and extracellular signaling
pathways, including transforming growth factor (TGF),
intracellular Ca2+ and nitric oxide. Undoubtedly, shear
stress is a central mechanism in the physiology of the
cardiovascular system, and external artificial modifications
of this physical parameter may constitute a novel approach
to improve the cardiac health of the population and mitigate
cardiovascular accidents.

It is clear, from the aforementioned works in this Research

Topic, that the endothelium provides a therapeutic target for a
myriad of diseases. This Research Topic provided a tantalizing
insight into EC in diabetes, congenital muscle disease, and
genetic valvulopathy (BAV) and some therapeutic interventions
using PSS. However, PSS as a therapeutic intervention may
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also find its way to other diseases, which are enumerated on
Table 1.

We are grateful to the contributions of the various
authors in putting forward their insightful work, and the
hard work of the reviewers. Most grateful to our friend
and mentor, the late Professor Marvin Sackner, RIP,
who coined the phrase “Movement is Everything” as it
pertains to the benefits of exercise/PSS in daily living and
disease management.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

We gratefully acknowledge the grant support to JA from the
Florida Heart Research Institute.

REFERENCES

Abraham, W. M., Ahmed, A., Serebriakov, I., Lauredo, I. T., Bassuk, J.,

Adams, J. A., et al. (2006). Whole-body periodic acceleration modifies

experimental asthma in sheep. Am. J. Respir. Crit. Care Med. 174, 743–752.

doi: 10.1164/rccm.200601-048OC

Adams, J. A., Bassuk, J., Wu, D., and Kurlansky, P. (2003). Survival and normal

neurological outcome after CPR with periodic Gz acceleration and vasopressin.

Resuscitation 56, 215–221. doi: 10.1016/S0300-9572(02)00319-2

Adams, J. A., Mangino, M. J., Bassuk, J., and Sackner, A. M. (2000). Hemodynamic

effects of periodic G (z) acceleration in meconium aspiration in pigs. J. Appl.

Physiol. (1985). 89, 2447–2452. doi: 10.1152/jappl.2000.89.6.2447

Alawna, M., Amro, M., and Mohamed, A. A. (2020). Aerobic exercises

recommendations and specifications for patients with COVID-19: a

systematic review. Eur. Rev. Med. Pharmacol. Sci. 24, 13049–13055.

doi: 10.26355/eurrev_202012_24211

Anderson, L., Oldridge, N., Thompson, D. R., Zwisler, A. D., Rees, K., Martin, N.,

et al. (2016). Exercise-based cardiac rehabilitation for coronary heart disease:

cochrane systematic review and meta-analysis. J. Am. Coll. Cardiol. 67, 1–12.

doi: 10.1016/j.jacc.2015.10.044

Ashor, A. W., Lara, J., Siervo, M., Celis-Morales, C., Oggioni, C., Jakovljevic, D. G.,

et al. (2015). Exercise modalities and endothelial function: a systematic review

and dose-response meta-analysis of randomized controlled trials. Sports Med.

45, 279–296. doi: 10.1007/s40279-014-0272-9

Beck, D. T., Martin, J. S., Casey, D. P., Avery, J. C., Sardina, P. D., and Braith, W.

R. (2014). Enhanced external counterpulsation improves endothelial function

and exercise capacity in patients with ischaemic left ventricular dysfunction.

Clin. Exp. Pharmacol. Physiol. 41, 628–636. doi: 10.1111/1440-1681.12263

Belfiore, P., Miele, A., Galle, F., and Liguori, G. (2018). Adapted physical activity

and stroke: a systematic review. J. Sports Med. Phys. Fitness 58, 1867–1875.

doi: 10.23736/S0022-4707.17.07749-0

Connolly, B., Salisbury, L., O’Neill, B., Geneen, L., Douiri, A., Grocott, M. P.,

et al. (2015). Exercise rehabilitation following intensive care unit discharge

for recovery from critical illness. Cochrane Database Syst Rev. 5:CD008632.

doi: 10.1002/14651858.CD008632.pub2

Cornelissen, V. A., and Smart, N. A. (2013). Exercise training for blood

pressure: a systematic review and meta-analysis. J. Am. Heart Assoc. 2:e004473.

doi: 10.1161/JAHA.112.004473

Dincher, A., Schwarz, M., and Wydra, G. (2019). Analysis of the effects of whole-

body vibration in parkinson disease - systematic review and meta-analysis. PM

R 11, 640–653. doi: 10.1002/pmrj.12094

Eichenberger, P. A., Diener, S. N., Kofmehl, R., and Spengler, M. C. (2013). Effects

of exercise training on airway hyperreactivity in asthma: a systematic review

andmeta-analysis. Sports Med. 43, 1157–1170. doi: 10.1007/s40279-013-0077-2

Gerhardt, F., Dumitrescu, D., Gartner, C., Beccard, R., Viethen, T., Kramer, T.,

et al. (2017). Oscillatory whole-body vibration improves exercise capacity

and physical performance in pulmonary arterial hypertension: a randomised

clinical study. Heart 103, 592–598. doi: 10.1136/heartjnl-2016-309852

Gurovich, A. N., and Braith, R. W. (2013). Enhanced external counterpulsation

creates acute blood flow patterns responsible for improved flow-mediated

dilation in humans. Hypertens. Res. 36, 297–305. doi: 10.1038/hr.2012.169

Jaime, S. J., Maharaj, A., Alvarez-Alvarado, S., and Figueroa, A. (2019). Impact

of low-intensity resistance and whole-body vibration training on aortic

hemodynamics and vascular function in postmenopausal women. Hypertens.

Res. 42, 1979–1988. doi: 10.1038/s41440-019-0328-1

Lane, R., Harwood, A., Watson, L., and Leng, C. G. (2017). Exercise

for intermittent claudication. Cochrane Database Syst. Rev. 12:CD000990.

doi: 10.1002/14651858.CD000990.pub4

Liang, J., Shi, J., Wei, W., andWu, G. (2020). External counterpulsation attenuates

hypertensive vascular injury through enhancing the function of endothelial

progenitor cells. Front. Physiol. 11:590585. doi: 10.3389/fphys.2020.590585

Liu, J. Y., Xiong, L., Stinear, C. M., Leung, H., Leung, T. W., and Wong,

K. S. L. (2019). External counterpulsation enhances neuroplasticity to

promote stroke recovery. J. Neurol. Neurosurg. Psychiatry 90, 361–363.

doi: 10.1136/jnnp-2018-318185

Mahbub, M. H., Hiroshige, K., Yamaguchi, N., Hase, R., Harada, N., and Tanabe,

T. (2019). A systematic review of studies investigating the effects of controlled

whole-body vibration intervention on peripheral circulation. Clin. Physiol.

Funct. Imaging 39, 363–377. doi: 10.1111/cpf.12589

Martin, J. S., Beck, D. T., Aranda, J. M. Jr., and Braith, R. W. (2012). Enhanced

external counterpulsation improves peripheral artery function and glucose

tolerance in subjects with abnormal glucose tolerance. J Appl Physiol. (1985).

112, 868–876. doi: 10.1152/japplphysiol.01336.2011

Martinez-Murillo, R., Serrano, J., Fernandez, A. P., and Martinez, A. (2009).

Whole-body periodic acceleration reduces brain damage in a focal ischemia

model. Neuroscience 158, 1390–1396. doi: 10.1016/j.neuroscience.2008.12.005

Miyamoto, S., Fujita, M., Inoko, M., Oba, M., Hosokawa, R., Haruna, T.,

et al. (2011). Effect on treadmill exercise capacity, myocardial ischemia,

and left ventricular function as a result of repeated whole-body periodic

acceleration with heparin pretreatment in patients with angina pectoris

and mild left ventricular dysfunction. Am. J. Cardiol. 107, 168–174.

doi: 10.1016/j.amjcard.2010.09.007

Morris, N. R., Kermeen, F. D., and Holland, E. A. (2017). Exercise-based

rehabilitation programmes for pulmonary hypertension. Cochrane Database

Syst Rev. 1:CD011285. doi: 10.1002/14651858.CD011285.pub2

Paneroni, M., Simonelli, C., Vitacca, M., and Ambrosino, N. (2017). Aerobic

exercise training in very severe chronic obstructive pulmonary disease: a

systematic review and meta-analysis. Am. J. Phys. Med. Rehabil. 96, 541–548.

doi: 10.1097/PHM.0000000000000667

Park, Y. J., Park, S. W., and Lee, S. H. (2018). Comparison of the effectiveness

of whole body vibration in stroke patients: a meta-analysis. Biomed. Res. Int.

2018:5083634. doi: 10.1155/2018/5083634

Perkins, K. J., andDavies, K. E. (2002). The role of utrophin in the potential therapy

of Duchenne muscular dystrophy.Neuromuscul. Disord. 12(Suppl. 1), S78–S89.

doi: 10.1016/S0960-8966(02)00087-1

Qin, X., Deng, Y., Wu, D., Yu, L., and Huang, R. (2016). Does enhanced

external counterpulsation (EECP) significantly affect myocardial

perfusion?: a systematic review & meta-analysis. PLoS One 11:e0151822.

doi: 10.1371/journal.pone.0151822

Rokutanda, T., Izumiya, Y., Miura, M., Fukuda, S., Shimada, K., Izumi, Y., et al.

(2011). Passive exercise using whole-body periodic acceleration enhances blood

supply to ischemic hindlimb. Arterioscler. Thromb. Vasc. Biol. 31, 2872–2880.

doi: 10.1161/ATVBAHA.111.229773

Sabater, J. R., Sackner, M. A., Adams, J. A., and Abraham, M. W. (2019). Whole

body periodic acceleration in normal and reduced mucociliary clearance of

conscious sheep. PLoS One 14:e0224764. doi: 10.1371/journal.pone.0224764

Frontiers in Physiology | www.frontiersin.org 3 November 2021 | Volume 12 | Article 790022

https://doi.org/10.1164/rccm.200601-048OC
https://doi.org/10.1016/S0300-9572(02)00319-2
https://doi.org/10.1152/jappl.2000.89.6.2447
https://doi.org/10.26355/eurrev_202012_24211
https://doi.org/10.1016/j.jacc.2015.10.044
https://doi.org/10.1007/s40279-014-0272-9
https://doi.org/10.1111/1440-1681.12263
https://doi.org/10.23736/S0022-4707.17.07749-0
https://doi.org/10.1002/14651858.CD008632.pub2
https://doi.org/10.1161/JAHA.112.004473
https://doi.org/10.1002/pmrj.12094
https://doi.org/10.1007/s40279-013-0077-2
https://doi.org/10.1136/heartjnl-2016-309852
https://doi.org/10.1038/hr.2012.169
https://doi.org/10.1038/s41440-019-0328-1
https://doi.org/10.1002/14651858.CD000990.pub4
https://doi.org/10.3389/fphys.2020.590585
https://doi.org/10.1136/jnnp-2018-318185
https://doi.org/10.1111/cpf.12589
https://doi.org/10.1152/japplphysiol.01336.2011
https://doi.org/10.1016/j.neuroscience.2008.12.005
https://doi.org/10.1016/j.amjcard.2010.09.007
https://doi.org/10.1002/14651858.CD011285.pub2
https://doi.org/10.1097/PHM.0000000000000667
https://doi.org/10.1155/2018/5083634
https://doi.org/10.1016/S0960-8966(02)00087-1
https://doi.org/10.1371/journal.pone.0151822
https://doi.org/10.1161/ATVBAHA.111.229773
https://doi.org/10.1371/journal.pone.0224764
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Adams and Martínez Editorial: Non-pharmacologic Shear Stress

Sackner, M. A., and Adams, J. A. (2020). Endothelial pulsatile shear

stress is a backstop for COVID-19. Emerg. Top Life Sci. 4, 379–387.

doi: 10.1042/ETLS20200260

Sackner, M. A., Patel, S., and Adams, J. A. (2019). Changes of blood pressure

following initiation of physical inactivity and after external addition of pulses to

circulation. Eur. J. Appl. Physiol. 119, 201–211. doi: 10.1007/s00421-018-4016-7

Sakaguchi, M., Fukuda, S., Shimada, K., Izumi, Y., Izumiya, Y., Nakamura, Y., et al.

(2012). Preliminary observations of passive exercise using whole body periodic

acceleration on coronary microcirculation and glucose tolerance in patients

with type 2 diabetes. J. Cardiol. 60, 283–287. doi: 10.1016/j.jjcc.2012.05.006

Sanudo, B., Seixas, A., Gloeckl, R., Rittweger, J., Rawer, R., Taiar, R., et al. (2020).

Potential application of whole body vibration exercise for improving the clinical

conditions of COVID-19 infected individuals: a narrative review from the

world association of vibration exercise experts (WAVex) panel. Int. J. Environ.

Res. Public Health 17:3650. doi: 10.3390/ijerph17103650

Shekarforoush, S., and Naghii, M. R. (2019). Whole-body vibration training

increases myocardial salvage against acute ischemia in adult male rats. Arq.

Bras. Cardiol. 112, 32–37. doi: 10.5935/abc.20180252

Soblechero-Martin, P., Lopez-Martinez, A., de la Puente-Ovejero, L., Vallejo-

Illarramendi, A., and Arechavala-Gomeza, V. (2021). Utrophin modulator

drugs as potential therapies for Duchenne and Becker muscular dystrophies.

Neuropathol. Appl. Neurobiol. 47, 711–723. doi: 10.1111/nan.12735

Southard, V., Donoghue, J., Belmonte, J., Liboreiro, M., and Musa, M. (2018). The

effects of whole body periodic acceleration on non-motor symptoms in people

with mild to moderate Parkinson’s disease. J. Adv. Med. Med. Res. 27, 1–9.

doi: 10.9734/JAMMR/2018/43117

Takase, B., Hattori, H., Tanaka, Y., Uehata, A., Nagata, M., Ishihara, M.,

et al. (2013). Acute effect of whole-body periodic acceleration on brachial

flow-mediated vasodilatation assessed by a novel semi-automatic vessel

chasing UNEXEF18G system. J. Cardiovasc. Ultrasound 21, 130–136.

doi: 10.4250/jcu.2013.21.3.130

Uhrbrand, A., Stenager, E., Pedersen, M. S., and Dalgas, U. (2015). Parkinson’s

disease and intensive exercise therapy—a systematic review and meta-

analysis of randomized controlled trials. J. Neurol. Sci. 353, 9–19.

doi: 10.1016/j.jns.2015.04.004

Wong, A., Alvarez-Alvarado, S., Kinsey, A. W., and Figueroa, A. (2016). Whole-

body vibration exercise therapy improves cardiac autonomic function and

blood pressure in obese pre- and stage 1 hypertensive postmenopausal women.

J. Altern. Complement. Med. 22, 970–976. doi: 10.1089/acm.2016.0124

Xu, L., Chen, X., Cui, M., Ren, C., Yu, H., Gao, W., et al. (2020). The improvement

of the shear stress and oscillatory shear index of coronary arteries during

Enhanced External Counterpulsation in patients with coronary heart disease.

PLoS One 15:e0230144. doi: 10.1371/journal.pone.0230144

Zhao, M., Huang, Y., Li, L., Zhou, L., Wu, Z., Liu, Y., et al. (2020). Enhanced

external counterpulsation efficacy on exercise endurance in COPD patients

and healthy subjects: a pilot randomized clinical trial. Int. J. Chron. Obstruct.

Pulmon. Dis. 15, 25–31. doi: 10.2147/COPD.S225566

Zhou, J., Pang, L., Chen, N., Wang, Z., Wang, C., Hai, Y., et al. (2018).

Whole-body vibration training - better care for COPD patients: a systematic

review and meta-analysis. Int. J. Chron. Obstruct. Pulmon. Dis. 13, 3243–3254.

doi: 10.2147/COPD.S176229

Conflict of Interest: JA draws no salary from Sackner Wellness Products LLC

a company that has a patent on a passive jogging device. He owns 20% of the

domestic and foreign patents.

The remaining author declares 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 © 2021 Adams and Martínez. 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 Physiology | www.frontiersin.org 4 November 2021 | Volume 12 | Article 790022

https://doi.org/10.1042/ETLS20200260
https://doi.org/10.1007/s00421-018-4016-7
https://doi.org/10.1016/j.jjcc.2012.05.006
https://doi.org/10.3390/ijerph17103650
https://doi.org/10.5935/abc.20180252
https://doi.org/10.1111/nan.12735
https://doi.org/10.9734/JAMMR/2018/43117
https://doi.org/10.4250/jcu.2013.21.3.130
https://doi.org/10.1016/j.jns.2015.04.004
https://doi.org/10.1089/acm.2016.0124
https://doi.org/10.1371/journal.pone.0230144
https://doi.org/10.2147/COPD.S225566
https://doi.org/10.2147/COPD.S176229
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/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Editorial: Non-pharmacologic Sustained Endothelial Shear Stress: An Evolving Clinical Paradigm
	Author Contributions
	Acknowledgments
	References


