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Abstract

Ageing causes progressive decline in metabolic, behavioural, and physiological func-

tions, leading to a reduced health span. The extracellular matrix (ECM) is the three-

dimensional network of macromolecules that provides our tissues with structure and

biomechanical resilience. Imbalance between damage and repair/regeneration causes

the ECM to undergo structural deterioration with age, contributing to age-associated

pathology. The ECM ‘Ageing Across the Life Course’ interdisciplinary research net-

work (ECMage) was established to bring together researchers in the United Kingdom,

and internationally, working on the emerging field of ECM ageing. Here we report

on a consultation at a joint meeting of ECMage and the Medical Research Council /

Versus Arthritis Centre for Integrated Research into Musculoskeletal Ageing, held in

January 2023, in which delegates analysed the key questions and research opportuni-

ties in the field of ECMageing.We examine fundamental biological questions, enabling

technologies, systems of study and emerging in vitro and in silico models, alongside

consideration of the broader challenges facing the field.
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INTRODUCTION

Advances in science, medicine, and living conditions mean that peo-

ple are living longer. Whilst a longer life brings exciting opportunities,
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ageing is too often associated with ill health and frailty.[1] The age-

ing demographic brings with it a steep increase in the public burden

of health and social care as well as financial challenges. Across the

United Kingdom (UK), and globally, there are inequalities in the lived
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experience of ageing, with social demographics, life course experi-

ences, environmental, and genetic factors influencing stark disparities

between chronological and biological age in different populations.

The process of ageing has been systematically characterised from

a biological perspective.[2] Recently, there has been growing interest

in the role in ageing of the extracellular matrix (ECM), a three-

dimensional network of molecules which not only provides resilience

to all tissues in the body, but also controls key biophysical and bio-

chemical signals to support vital cell functions.[3] The ECM makes

up the bulk of most tissues, acting as the primary determinant of

biomechanical properties. For example, in the bone, the ECM is min-

eralised providing essential strength, whilst in the lung, it provides

elasticity necessary for normal function. The ECM in each organ is

distinct and dynamic,[4] responding to various external factors such

as day/night cycles,[5] highlighting its intrinsic malleability. With age,

the ECM deteriorates through a process influenced by an imbalance

between its production and turnover, chemical changes to molecules,

as well as changes to cell-ECM interactions. Importantly, ECM deteri-

oration with age directly influences key functions of cells and tissues

in the body leading to altered mechanical properties,[6] abnormal

cell signalling, and loss of vital functions. As a result, changes to

ECM underpin many age-associated pathologies, such as a loss of

tissue elasticity (e.g., in lung, blood vessels, skin), poor tissue repair

in response to injury (e.g., chronic wounds, tendinopathies), tissue

scarring (fibrosis), risk of bone fracture, joint deterioration,[7] and

cancer.[8]

The UKAgeing Networks (UKAN, https://www.ukanet.org.uk) were

established in 2022 with UK Research and Innovation (UKRI) funding

to coordinate research that addresses these challenges. Within this

structure, the ECM ‘Ageing Across the Life Course’ interdisciplinary

research network (ECMage) was set up to promote understanding

of ageing in the ECM and to identify suitable model systems and

potential interventions to improve health and well-being. ECMage

brings together a diverse membership in terms of career stage and

expertise in key aspects of ageing, matrix biology, chronobiology, artifi-

cial intelligence (AI), computational modelling, and tissue engineering.

Establishing understanding of ECM ageing across the life course poses

particular challenges. For example, there is a need to establish lon-

gitudinal studies in humans, and for the development of new model

systems — in vivo, in vitro, and in silico. In order to assess the current

capacity of the UK research community to address these challenges,

ECMage organised a consultation event at a joint meeting with the

Medical Research Council / Versus Arthritis Centre for Integrated

Research into Musculoskeletal Ageing (CIMA) Meeting, held in York

(UK) on 27th January 2023. Delegates were asked to propose aspira-

tional goals for the ageingmatrix field, to compare these to the current

state-of-the-art, and to identify opportunities for new research and

collaboration. Participants were invited to join working groups explor-

ing different aspects underpinning the ECMage Network. Individual

groups were asked to identify and critically appraise the research

landscape within their respective topic areas. This report summarises

key themes that were raised and recorded at the consultation

(Figure 1).

MECHANISMS AND INTERVENTIONS

The consultation recognised a number of open and fundamental

biological questions within the ECM-ageing field. These included

questions such as: the extent to which the ageing process is con-

served between individuals; whether there are universal signatures

or ‘biomarkers’ of ageing across different organs or species; the

importance of genetic, environmental, and behavioural, variation

in modulating the ageing process (e.g., sun exposure, occupational

history, dietary habits, alcohol intake); and, whether ageing follows

a continuous and life-long progression (perhaps akin to the accrual

of photo-induced damage in exposed skin), or whether it can be

‘accelerated’ following certain events (e.g., injury or menopause), or

within discrete periods. More specifically to the ECM, a fundamen-

tal understanding of how specific cells deposit and remodel their

surrounding tissue environments was considered necessary: how

are processes of ECM remodelling and regeneration affected by

ageing? Are age-associated tissue defects established by changes

in intracellular processes (e.g., through senescence or DNA damage

pathways) or extracellular (e.g., through oxidative damage, hormone

imbalance, ECM factors)? This can be posited as a question of whether

key signalling processes that underpin the ECM ageing axis occur

inside-out, or outside-in, from the perspective of the cell — or some

reciprocal combination of both. It was discussed whether and how the

ECM might be affected by pharmaceutical and life-style interventions

such as exercise, diet, and medicines. Whilst it is known that models

of accelerated ageing show a dysfunctional ECM and a ‘younger ECM’

can rejuvenate old cells, limited research has been done to show that

ECM-based interventions can influence the rate of intrinsic aging.[9]

Thus, there is critical need to expand our knowledge in this area.

A growing interest in the study of extracellular vesicles (EVs) was

also discussed:[10] could these represent a signalling reservoir of ECM

molecules that is disrupted in ageing? Are EVs maintained in tissues?

Do EVs bind to specific ECM molecules, or in a tissue-specific man-

ner? And could EVs be a target for diagnostic or therapeutic strategies?

Participants expressed questions relating to the study ofmechanobiol-

ogy and ECM-cell communication or ‘mechanotransduction’:[6] What

forces do specific cells and organs experience? What forces can cells

‘feel’ and respond to? How are these processes affected by ageing,

particularly as many tissues stiffen during ageing? What factors link

the structure, function and mechanical properties of tissues? Further-

more, we do not know whether targeting either ECM components or

cell/ECM interactions in the ageing context might alleviate tissue dys-

function. It is still unknown which ECM-producing cell types in various

organ systemsmay be responsible for specific age-dependent changes.

A major challenge for researchers is that current models tend to

be designed on reductionist principles; should we be considering more

complex three-dimensional or multi-component in vitro models, con-

sidering both cell-cell and cell-matrix interactions? Furthermore, the

current literature tends to focus on signalling pathways in isolation

(e.g., adhesion complexes, ion channels, transcription factor transloca-

tion)— towhat extentmight theseprocesses be cooperative? Emerging

research has shown that the ECM is a target of the daily changes
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F IGURE 1 Identification of strengths, weaknesses, opportunities, and threats associated with research into extracellular matrix (ECM) ageing.

governed by the universal time-keeping mechanism in the body, the

circadian clock,[5] highlighting the need to understand how this tem-

poral regulation of structure, function, and biomechanics are affected

by ageing.

It was recognised that the challenges discussed above were inmany

cases being compounded by common constraints, including limited

access to expertise, technologies, and models, but that these might

be alleviated by sharing of improved analytical techniques and model

systems of study.

ADVANCED TECHNOLOGIES

A holistic examination of ageing must consider processes that occur

in short timescales, through to whole lifetimes, and over length scales

spanning molecular, cellular, and tissue-sized dimensions. Moreover,

strategies must be developed to integrate and unify understanding

from these multiple means of study. Participants discussed emerging

methods such as X-ray scattering to study the organisation of ECM

molecules in tissues, and the need to integrate this data with a better

understanding of tissue composition. A wider range of imaging meth-

ods (e.g. super-resolution microscopy, light sheet microscopy, imaging

mass cytometry, real-time bioluminescence imaging) are also needed

that can study molecular and cellular processes within ‘thick’ sections

of material that aremore reflective of living tissues.

Mass spectrometry proteomics can inform on how the composi-

tion of tissues changes during ageing. Advances in instrumentation

are making it possible to characterise the proteome with greater

spatial and temporal resolution. Questions were identified regarding

how protein metabolism — synthesis, degradation and turnover —

is affected by ageing in different cells and tissues, and on the roles

of post-translational modifications (PTMs). It was commented that

establishing a ‘multi-omic atlas’ of ECM ageing could be a powerful

tool for hypothesis generation. There was recognition of the chal-

lenge to ensure that very complex, multi-dimensional datasets can be

stored and searched, that they remain current and accessible, and

crucially, that they are fully utilised. However, many of these issues

are being addressed through adoption of community projects such as

MatrisomeDB.[4]

POPULATION-BASED AND IN VIVO SYSTEMS OF
STUDY

Participants recognised a need for more comprehensive longitudi-

nal studies in humans. As the factors affecting old age may change
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throughout the life course, it was considered insufficient to study the

ageing processes only in the elderly. Given that the course of ageing

varies greatly between individuals depending on their genetic makeup

and environmental exposures, longitudinal studies (i.e., studying the

same individuals over multiple time points) were considered prefer-

able to studies reliant on averaging over populations. It was noted that

longitudinal studies are challenging to set up and maintain as they are

dependent on the long-term commitment and vision of participants,

researchers, and funders alike. Participants also discussed the chal-

lenges of working with biobanks: there is a need to adequately sample

diverse human populations, and this should include tissues fromyoung,

middle-aged and healthy donors. There are also important ethical

issues in collecting and retaining sufficient meta-data on patient sam-

ples in order to establish a holistic understanding of age-contributing

risk factors.

A range of experimental in vivo models of ageing were considered,

including invertebrate models, rodents and larger mammals.[11] There

remain questions over the extent to which the features of ECM ageing

are conserved between species. For example, short lived species such

as killifish may have a different extent of cell-independent ECMmodi-

fication (e.g., glycation, carbamylation) when compared to longer lived

species and humans. Importantly, there is no universal experimental

model of ageing, and different models may be appropriate to studies

of different aspects of ageing, processes, and tissues/organs. A chal-

lenge for researchers working with animal models is often to motivate

(for example, to funders) a relevance to the understanding of human

ageing, and demonstrate a pathway to translation into diagnostic or

therapeutic technology.

TISSUE ENGINEERING AND NOVEL IN VITRO
MODELS

Recent advances in tissue engineering and the fabrication of sophis-

ticated in vitro model systems have offered alternative — or often

complimentary — means to study aspects of ECM-ageing in humans

andanimals.[12] Anadvantageof in vitroover in vivomodels is that they

canallowcontrol of individual parameterswithin a system, for example,

it would be feasible to decouple the roles of biochemical and mechan-

ical effects in influencing a particular cellular behaviour. Nonetheless,

there remains a challenge to adequately balance a reductionist model

with one that better replicates the complexity of a tissue, but has too

many confounding variables.

Participants considered that there remains a lack of suitable in vitro

models to study ECM ageing, for example, to aid in the understand-

ing of oxidative and glycaemic stress factors. More broadly, whilst

the use of biomaterials for development of in vitro or ex vivo cel-

lular scaffolds (e.g., hydrogels based on synthetic, or non-synthetic

ECM-derived components, or decellularized tissues) has potential to

transform ECMageing research, the capacity to fabricate a completely

functional synthetic ECM remains a challenge for the bioengineering

field.[12] Newtechnologies are also required toproduce thickermateri-

als, and to produce more complex three-dimensional tissue structures

and topologies, such as to allow functional vascularisation. Within the

context of tissue engineering, the incorporation of stems cells into

model and therapeutic systems was discussed. Challenges remain on

how to safely and efficiently direct stem cell behaviours, such as dif-

ferentiation, and how to adequately scale up stem cell populations for

medical applications.

COMPUTATIONAL MODELS

The importance of interdisciplinary approaches combining computer

science, mathematics and bioinformatics was recognised as being vital

to constructing a complete understanding of ECM ageing. These dis-

ciplines will be necessary in processing, integrating and interpreting

multi-dimensional datasets, enabling a comprehensive understanding

of the roles of genetic, transcriptomic, proteomic, post-translational,

and metabolomic regulation in the ECM ageing process. Computa-

tional models combined with systems biology approaches will help us

to understand cell-ECM and cell-biomaterial interactions from micro

to macro level, thus complimenting the in vitro and in vivo exper-

imental models.[13] Likewise, mathematical models will help us to

predict long term and population-level outcomes within timeframes

shorter than the human lifespan, whilst systems pharmacology mod-

elling approacheswill enable us predict novelmatrix-based anti-ageing

interventions. Finally, participants discussedhowmachine learning and

AI could affect ECMageing research. This is a fast-emerging andpoten-

tially revolutionary technology, but the extent of its impact on ageing

research is difficult to predict. Nonetheless, AI has the potential to

identify patterns and connections within ECM datasets that we have

not yet begun to appreciate.

BIG QUESTIONS FOR SCIENCE AND SOCIETY

The challenges facing research into ECM ageing raised in this con-

sultation require an inter-disciplinary approach, combining aspects of

molecular and cellular biology, physiology/medicine, structural biol-

ogy/biophysics, chronobiology, bioengineering, and computational/AI

modelling, among others. However, the scientific questions raised in

the discussion above must also be viewed in a wider societal con-

text, requiring wider input from our stakeholders. Big questions for

us all to consider include: how should we define and measure age?

Should it be strictly defined by the passage of time, or can we sur-

rogate it with a combination of biological processes? (Acquisition of

pathology? Abrogation of cellular processes such as metabolism? Or

damage accumulation in the ECM?) Should we frame the study of age-

ing as a progressive accruement of tissue pathology, or the progression

of a natural physiological process? Should the measure of success be

in improved quality of life, or longevity, or both? Finally, given that we

alreadyknowmanyof the risk factors associatedwithunhealthy ageing

(e.g., smoking,malnutrition,weight gain, a sedentary lifestyle, exposure
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to pollution, social isolation/loneliness, drug/alcohol abuse), and that

effective interventions are socioeconomic in nature, how should our

resources be targeted for maximum impact?

To maximise the potential benefits to society from research in fun-

damental science, as well as from bioindustry and biomedicine, it is

critical that the ECM is considered in both experimental and clinical

studies of ageing. Understanding of ECM ageing in human popula-

tions will provide unique opportunities to design improved therapies

and interventions, positively influencing tissue resilience and increas-

ing health span. By working together, sharing models, technologies,

knowledge, and expertise, we will be better equipped to understand

the complex intersections between intrinsic ageing processes, ECM

regulation and the extrinsic factors that influence their crosstalk. This

will improve our ability tomeet the challenges of increasing the quality

of life of older people.

ACKNOWLEDGMENTS

ECMage is funded by UK Research and Innovation grant

BB/W018314/1. CIMA is funded by the Medical Research Coun-

cil / Versus Arthritis grant MR/P020941/1. The authors thank

members of ECMage and CIMA for contributing to this consulta-

tion, and the ECMage Network Manager Mrs Angela Cucchi, the

CIMA Centre Manager Dr Rachael Wright and Dr David Fraser

(https://drdavidfraser.com) for facilitating the joint meeting. The

authors have no conflicts of interest to declare.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

upon reasonable request.

ORCID

MatthewJ.Dalby https://orcid.org/0000-0002-0528-3359

VanjaPekovic-Vaughan https://orcid.org/0000-0002-7876-652X

Daryl P. Shanley https://orcid.org/0000-0003-3096-6386

Joe Swift https://orcid.org/0000-0002-5039-9094

Lisa J.White https://orcid.org/0000-0003-0571-999X

ElizabethG.Canty-Laird https://orcid.org/0000-0001-5041-1316

REFERENCES

1. World Health Organisation. (2020). Decade of Healthy Ageing: Baseline
Report. Geneva.World Health Organisation.

2. Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., & Kroemer, G.

(2023). Hallmarks of aging: An expanding universe.Cell,186, 243–278.
3. Mouw, J. K., Ou, G. Q., & Weaver, V. M. (2014). Extracellular matrix

assembly: A multiscale deconstruction. Nature Reviews Molecular Cell
Biology, 15, 771–785.

4. Shao, X., Taha, I. N., Clauser, K. R., Gao, Y., & Naba, A. (2020).

MatrisomeDB: The ECM-protein knowledge database. Nucleic Acids
Research, 48, D1136–D1144.

5. Dudek, M., Swift, J., & Meng, Q. J. (2023). The circadian clock and

extracellular matrix homeostasis in ageing and age-related diseases.

American Journal of Physiology. Cell Physiology, 325, C52–C59.
6. Phillip, J. M., Aifuwa, I.,Walston, J., &Wirtz, D. (2015). Themechanobi-

ology of aging. Annual Review of Biomedical Engineering, 17, 113–141.
7. Loeser, R. F., Collins, J. A., & Diekman, B. O. (2016). Ageing and

the pathogenesis of osteoarthritis. Nature Reviews Rheumatology, 12,
412–420.

8. Fane, M., & Weeraratna, A. T. (2020). How the ageing microenvi-

ronment influences tumour progression. Nature Reviews Cancer, 20,
89–106.

9. Statzer, C., Park, J. Y. C., & Ewald, C. Y. (2023). Extracellular matrix

dynamics as an emerging yet understudied hallmark of aging and

longevity. Aging and Disease, 14, 670–693.
10. Mas-Bargues, C., & Alique, M. (2023). Extracellular vesicles as “very

important particles” (VIPs) in aging. International Journal of Molecular
Sciences, 24(4), 4250..

11. Holtze, S., Gorshkova, E., Braude, S., Cellerino, A., Dammann, P.,

Hildebrandt, T. B., Hoeflich, A., Hoffmann, S., Koch, P., Terzibasi Tozzini,

E., Skulachev,M., Skulachev, V. P., & Sahm,A. (2021). Alternative animal

models of aging research. Frontiers in Molecular Biosciences, 8, 660959.
12. Schnellmann, R., & Gerecht, S. (2023). Reconstructing the ageing

extracellular matrix.Nature Reviews Bioengineering, 1, 458–459.
13. Martinez Guimera, A., Welsh, C., Dalle Pezze, P., Fullard, N., Nelson,

G., Roger, M. F., Przyborski, S. A., & Shanley, D. P. (2017). Systems

modelling ageing: From single senescent cells to simple multi-cellular

models. Essays in Biochemistry, 61, 369–377..

How to cite this article: Dalby, M. J., Pekovic-Vaughan, V.,

Shanley, D. P., Swift, J., White, L. J., & Canty-Laird, E. G. (2024).

Strengths and opportunities in research into extracellular

matrix ageing: A consultation with the ECMage research

community. BioEssays, e2300223.

https://doi.org/10.1002/bies.202300223

 15211878, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bies.202300223 by T

est, W
iley O

nline L
ibrary on [12/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://drdavidfraser.com
https://orcid.org/0000-0002-0528-3359
https://orcid.org/0000-0002-0528-3359
https://orcid.org/0000-0002-7876-652X
https://orcid.org/0000-0002-7876-652X
https://orcid.org/0000-0003-3096-6386
https://orcid.org/0000-0003-3096-6386
https://orcid.org/0000-0002-5039-9094
https://orcid.org/0000-0002-5039-9094
https://orcid.org/0000-0003-0571-999X
https://orcid.org/0000-0003-0571-999X
https://orcid.org/0000-0001-5041-1316
https://orcid.org/0000-0001-5041-1316
https://doi.org/10.1002/bies.202300223

	Strengths and opportunities in research into extracellular matrix ageing: A consultation with the ECMage research community
	Abstract
	INTRODUCTION
	MECHANISMS AND INTERVENTIONS
	ADVANCED TECHNOLOGIES
	POPULATION-BASED AND IN VIVO SYSTEMS OF STUDY
	TISSUE ENGINEERING AND NOVEL IN VITRO MODELS
	COMPUTATIONAL MODELS
	BIG QUESTIONS FOR SCIENCE AND SOCIETY
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


