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This editorial refers to ‘Membrane cholesterol and substrate

stiffness co-ordinate to induce the remodelling of the cytoskel-

eton and the alteration in the biomechanics of vascular smooth

muscle cells’, by H.J. Sanyour et al., pp. 1369–1380.

Atherosclerosis is a progressive vascular disease highlighted by an array
of cellular and tissue abnormalities including a chronic inflammatory re-
sponse, subendothelial lipoprotein retention, cholesterol laden foam
cells, and dysfunctional vascular smooth muscle cells (VSMCs) that coa-
lesce into an overt pathology.1 Considerable attention has been given to
the varying contributors of atherosclerosis and their role in shaping spe-
cific components of plaque progression such as fibrous cap thinning,
VSMC migration, arterial stiffening, and macrophage infiltration and activ-
ity; however, significantly less attention has been given to how some of
these components coordinate with one another to regulate functional
and phenotypic changes. Importantly, both reduced cholesterol efflux
and changes in extracellular matrix composition and stiffness of VSMCs
are noted occurrences in atherosclerosis.2–4 Currently, it is unknown
how or if cholesterol and changes in ECM composition coordinate to
regulate VSMC function/biomechanics and downstream pathological
processes such as intimal migration and plaque progression.

Sanyour et al.5 present compelling evidence that membrane choles-
terol and substrate stiffness synergistically affect VSMC biomechanical
properties and cytoskeletal organization. Using atomic force micros-
copy, they show that increased VSMC stiffness and a5b1-integrin-medi-
ated adhesion, as a result of increasing substrate stiffness, are highly
dependent upon VSMC membrane cholesterol. In addition, the authors
show that substrate stiffness-regulated VSMC cytoskeletal organization
is dependent upon membrane cholesterol, and that depletion of mem-
brane cholesterol with methyl-b-cyclodextrin (MbCD) disrupts actin
remodelling, whereas cholesterol enrichment in the presence of MbCD
(MbCD-CHOL) increases cytoskeletal remodelling even in low sub-
strate stiffness (3.5 kPa) conditions. Ex vivo analysis of rat aortic vessels
treated with phenylephrine also indicated that depletion of cholesterol
with MbCD-reduced contractile force, providing further support to
their in vitro findings and overall hypothesis. Thus, Sanyour et al. provide
important insight into how changes in substrate stiffness and cholesterol
influence VSMC biomechanics, and their findings further the need to

study how internal and external factors mesh to regulate cellular
function. The novel findings presented in this work also raise new and in-
teresting questions concerning the regulation of VSMC biomechanics
and the potential implications for the study of atherosclerosis.

First, what is the role of cholesterol in VSMCs? Cholesterol is a well-
known player in the development of atherosclerosis, due in part to its
role in macrophage foam cell formation and the vascular inflammatory
response, but recently, there has been an increased appreciation for
its role in modulating cellular mechanics. However, there is contentious
debate on this topic, as the effect of cholesterol on biomechanical prop-
erties may be cell-type dependent.6,7 For VSMCs, recent findings indicate
that human coronary atherosclerotic lesions exhibit SMCs containing
excess cholesterol, and that smooth muscle cell (SMC)-derived foam
cells make up a larger percentage of foam cells than previously recog-
nized.2 From the data presented by Sanyour et al.,5 excess cholesterol in
areas prone to atherosclerosis may augment age-dependent increases in
cellular stiffness and a5b1-integrin-mediated adhesion, which are both
implicated in atherosclerosis.8,9 How this interplay between cholesterol
and the biomechanical properties of the matrix influences other proper-
ties of VSMCs such as migration and phenotypic switching remains to be
studied in healthy and diseased conditions. Given previous evidence and
results presented by Sanyour et al., targeted approaches to reduce
VSMC cholesterol accumulation such as enhancing cholesterol efflux
from VSMCs may be worthwhile.

Second, what are the mechanisms behind the coordinated signalling
between cholesterol and substrates stiffness, and what role does cyto-
skeletal remodelling play in this response? Cholesterol is known to influ-
ence actin dynamics at the leading edge of migrating cells,7 and depletion
of membrane cholesterol impairs cardiomyocyte contraction,10 and
phenylephrine-induced aortic contraction, as presented Sanyour et al.5

Likewise, mechanotransduction plays an important role in VSMC actin
dynamics and integrin-mediated adhesion.11,12 The findings presented by
Sanyour et al. paint an interesting picture where cholesterol enrichment
in low substrate stiffness conditions increases a5b1-integrin-mediated
adhesion and actin stress-fibre remodelling but is unable to increase
overall VSMC stiffness. It is only when VSMCs are cultured on an increas-
ingly stiff substrate that a functional change in cellular stiffness is realized.
Thus, cholesterol signalling may provide the structure through which

The opinions expressed in this article are not necessarily those of the Editors of Cardiovascular Research or of the European Society of Cardiology.

* Corresponding author. Tel: 1-404-727-3364; fax: 1-404-712-1932, E-mail: kgriend@emory.edu

Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2019. For permissions, please email: journals.permissions@oup.com.

Cardiovascular Research (2019) 115, 1262–1263 EDITORIAL
doi:10.1093/cvr/cvz065



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.increased substrate stiffness induces changes in cellular stiffness. The
mechanisms behind this response remain elusive, but membrane/lipid
rafts may be an integral piece to the puzzle given that their formation is
dependent upon membrane cholesterol,13 and that they have unique
roles in the regulation of ECM adherence, receptor activation, and cyto-
skeletal organization.14 Future studies should further explore this topic.

Lastly, as the authors point out, continued investigation using animal
models of atherosclerosis is needed. The data from in vitro investigations
provide compelling evidence for coordinated signalling between choles-
terol and substrate stiffness; however, the in vivo environment is more
complex, and it is likely that additional factors work in combination with
cholesterol and ECM stiffness to regulate VSMC biomechanics, such as
cell-to-cell contact and paracrine and endocrine signalling. Moreover, fu-
ture studies should assess the functional consequences and possible clini-
cal outcomes of modulating VSMC membrane cholesterol levels in
plaques. This is especially relevant to statin use, as an effect of statin ther-
apy may be the modification of VSMC biomechanics. As an extension, fu-
ture studies may seek to compare patient vessel stiffness before and
after statin use. It is currently unknown if the observed coordinated sig-
nalling is protective or determinantal in atherosclerosis.

In summary, the work performed by Sanyour et al. opens a new and
intriguing line of research that has direct implications for atherosclerosis
and various other cardiovascular diseases and encourages continued in-
vestigation into coordinated signalling in vascular biology.

Conflict of interest: none declared.

Funding
S.J.F. is supported by the NIH [5T32HL007745-24]. This work was supported
by the NIH [P01 HL095070].

References
1. Libby P. Inflammation in atherosclerosis. Nature 2002;420:868–874.
2. Allahverdian S, Chehroudi AC, McManus BM, Abraham T, Francis GA. Contribution

of intimal smooth muscle cells to cholesterol accumulation and macrophage-like cells
in human atherosclerosis. Circulation 2014;129:1551–1559.

3. Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in atherosclerosis.
Circ Res 2016;118:692–702.

4. Lacolley P, Regnault V, Segers P, Laurent S. Vascular smooth muscle cells and arterial
stiffening: relevance in development, aging, and disease. Physiol Rev 2017;97:
1555–1617.

5. Sanyour HJ, Li N, Rickel AP, Childs JD, Kinser CN, Hong Z. Membrane cholesterol
and substrate stiffness co-ordinate to induce the remodelling of the cytoskeleton and
the alteration in the biomechanics of vascular smooth muscle cells. Cardiovasc Res
2019;115:1369–1380.

6. Byfield FJ, Aranda-Espinoza H, Romanenko VG, Rothblat GH, Levitan I. Cholesterol
depletion increases membrane stiffness of aortic endothelial cells. Biophys J 2004;87:
3336–3343.

7. Khatibzadeh N, Spector AA, Brownell WE, Anvari B. Effects of plasma membrane
cholesterol level and cytoskeleton F-actin on cell protrusion mechanics. PLoS One
2013;8:e57147.

8. Yurdagul A Jr, Green J, Albert P, McInnis MC, Mazar AP, Orr AW. a5b1 integrin sig-
naling mediates oxidized low-density lipoprotein-induced inflammation and early ath-
erosclerosis. Arterioscler Thromb Vasc Biol 2014;34:1362–1373.

9. van Popele NM, Grobbee DE, Bots ML, Asmar R, Topouchian J, Reneman RS, Hoeks
APG, van der Kuip DAM, Hofman A, Witteman JCM. Association between arterial
stiffness and atherosclerosis—the Rotterdam Study. Stroke 2001;32:454–460.

10. Hissa B, Oakes PW, Pontes B, Ramı́rez-San Juan G, Gardel ML. Cholesterol depletion
impairs contractile machinery in neonatal rat cardiomyocytes. Sci Rep 2017;7:43764.

11. Ye GJC, Nesmith AP, Parker KK. The role of mechanotransduction on vascular
smooth muscle myocytes’ [corrected] cytoskeleton and contractile function. Anat
Rec 2014;297:1758–1769.

12. Sun Z, Martinez-Lemus LA, Hill MA, Meininger GA. Extracellular matrix-specific focal
adhesions in vascular smooth muscle produce mechanically active adhesion sites. Am
J Physiol Cell Physiol 2008;295:C268–C278.

13. London E. Insights into lipid raft structure and formation from experiments in model
membranes. Curr Opin Struct Biol 2002;12:480–486.

14. Head BP, Patel HH, Insel PA. Interaction of membrane/lipid rafts with the cyto-
skeleton: impact on signaling and function: membrane/lipid rafts, mediators of
cytoskeletal arrangement and cell signaling. Biochim Biophys Acta 2014;1838:
532–545.

Editorial 1263


