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The vascular system is a key player for themaintenance of healthy tissues, suggesting how the
physiological decline of blood vessel functionality during aging could be amajor contributor
of organ degeneration. While basic research studies have begun to pinpoint potential mech-
anisms of vascular aging, it is now critical to translate them into therapeutically relevant
options. Microphysiological systems represent a powerful tool to precisely control which
combinations of stimuli are provided to in vitro reconstructed blood vessels and to analyze
their functional consequences. After highlighting key aspects of vascular aging, this review
discusses in vitromodels that are able to recapitulate relevant features of blood vessel damage
during aging. Strategies to improve current in vitro systems so that they will more faithfully
recapitulate vascular aging are proposed, emphasizing the importance of combining in vivo
models with microphysiological systems for an effective translation of vascular aging bio-
markers and therapies to the clinical level.

The World is aging.
More than 90 million people in the Europe-

an Union (EU) are aged 65 and older according
to the last data published by the European Com-
mission in 2019. Even more dramatically, the
share of people aged 80 years or older in the EU
population is projected to have a 2.5-fold increase
by 2100, reaching 60.8 million (ec.europa.eu/
eurostat/statistics-explained/index.php?title=Po
pulation_structure_and_ageing). Similarly, the
number of people aged 65 or older in the United
States is projected to rise from 12% to 22% of the
population in just the next 30 years (Ungvari
et al. 2018). These data pose critical socioeco-

nomic challenges since the annual costs of car-
ing for the elderly is growing exponentially,
while the ratio between working-age persons
actively contributing to the maintenance of an
efficient welfare system and old adults is de-
creasing.

Cardiovascular diseases (CVDs) are themain
cause of death among older people accounting
for 1.68 million deaths each year in the EU, or
37.1% of all deaths (ec.europa.eu/eurostat/statis
tics-explained/index.php?title=Cardiovascular_
diseases_statistics). Similarly, CVDs are respon-
sible for about 33% of all deaths in the United
States for people aged 65 (Ungvari et al. 2018).
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These numbers are considerably higher than the
second most prevalent cause of death (i.e., can-
cer), which accounts for 25.8% of all deaths.
Together with the huge societal costs of CVDs,
the healthcare system is estimated to pay 210
billion euros each year in the EU (www
.ehnheart.org/cvd-statistics.html), and more
than 800 billion dollars in the United States by
2030 (Heidenreich et al. 2011).

Traditionally, research on CVDs has been
focused on cardiac pathologies while underesti-
mating the role of the microcirculation (Augus-
tin and Koh 2017). This trend has been partially
reversed during the last decade with the emer-
gence of data pointing to a key role of blood
vessels during development, tissue homeostasis,
and disease (Potente and Mäkinen 2017), and
pointing toward the important contribution of
vascular networks for the maintenance of a
functional cardiovascular system and for pre-
venting age-related CVDs.

Given the essential role of a functional vas-
cular system in the maintenance of a healthy or-
ganism, it is not surprising that the physiological
aging of blood vessels is tightly connected with
the functional decline of tissues and organs.
Moreover, blood vessel loss of functionality is
also associated with a wide range of age-related
disorders that were not traditionally linked with
the vasculature, including neurodegeneration,
sarcopenia, osteoporosis, and kidney failure
(Ungvari et al. 2018). For instance, the appearance
of vascular dysfunction in the blood–brain barrier
(BBB) occurs before the onset of cognitive impair-
ment and the detection of amyloid β plaques,
suggesting a causative role for BBB damage in
the onset of Alzheimer disease (AD) or age-relat-
ed dementia (Nation et al. 2019). Similarly, peri-
cyte degeneration disrupts the microcirculation
of thewhitematter due to the toxic accumulation
of blood-derived fibrinogen, leading to reduced
blood flow and functional deficits before the ap-
pearance of neuronal loss (Fig. 1A; Montagne
et al. 2018). In the musculoskeletal system, aging
vascular endothelial cells (VECs) in the bone
marrow microcirculation produce high amounts
of reactive oxygen species (ROS), which are re-
sponsible for the declining survival and prolifer-
ation of hematopoietic stem cells (HSCs) (Fig. 1B;

Poulos et al. 2017). Aged skeletal muscle tissues
are characterized by reduced capillary density,
blood flow, and VEC mobility leading to muscle
loss in older individuals (Fig. 1C; Das et al. 2018;
Longchamp et al. 2018). Finally, the age-related
decline in a specialized subset of VECs in the
bone tissue (i.e., H-type VECs) is related to the
disruption of physiological bone turnover, lead-
ing to bone loss and osteoporosis (Ramasamy
et al. 2014), as well as to damage of theHSCniche
(Fig. 1D;Kusumbe et al. 2016).Overall, instead of
targeting the consequences of CVDs and other
age-related diseases, interventions that aim at re-
storing the functionality of blood vessels have the
potential to prevent or delay all vascular-related
pathologies.

Our current knowledge of the biological
mechanisms and signaling pathways related to
blood vessel aging has significantly expanded
during the last decade. Most studies were per-
formed in animals (Poulos et al. 2017), whereas
a few used clinical data to analyze the vascular-
related, functional decline of specific tissues in
humans (Nation et al. 2019).

It is now critical to translate the identified
biomarkers and biological mechanisms into
potentially relevant targets for future therapeu-
tics. The design of advanced in vitro models
coupling microphysiological systems, biofabri-
cation, and tissue engineering would allow anal-
ysis of specific features of vascular aging with a
level of control over the experimental parame-
ters that cannot be achieved in vivo. This ap-
proach could promote the preclinical screening
of novel targets and drugs before their transla-
tion into animals or humans. Indeed, micro-
physiological systems allow to provide mechan-
ical (e.g., controlled wall shear stress, cyclic
stretching/contraction) as well as biochemical
(e.g., growth factor gradients) stimuli that are
critical to promote the formation and mainte-
nance of biofabricated blood vessels. At the
same time, these systems are compatible with
multiple analytical techniques (e.g., high-reso-
lution 3D imaging, RNA-seq, flow cytometry,
multiplex secretome analyses) that allow to ex-
tract heterogeneous data sets.

Recent review papers have discussed the de-
sign, characterization, and application of hu-
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man 3D vascular models (Bersini et al. 2016;
Cochrane et al. 2019). Importantly, the com-
plexity achieved by recent 3D in vitro models
incorporating human-derived cells fromhealthy
or pathologic donor tissues from different ages,
genders, and ethnicities would provide results
independent of the contributions of the remain-
der of the organism and allow focus on a specific
vascular bed (e.g., microcirculation, postcapil-
lary venules), cells (e.g., VECs, pericytes, peri-
vascular fibroblasts), or tissues. This approach
would be particularly relevant in light of the
emerging idea of organ-specific vascular aging
(Chen et al. 2021), which suggests that organ-
specific biochemical and mechanical stimuli af-
fect vascular aging.

Rather than focusing on classical concepts of
large vessel aging or diseases, including athero-
sclerosis, for which the reader is encouraged to
refer to already published review articles (Glass
and Witztum 2001; Najjar et al. 2005), this re-
view highlights key aspects of vascular aging,
including the emerging concept of organ-specif-
ic blood vessel aging, and examples of in vitro
modeling, which capture relevant features of
blood vessel damage during physiological aging.
Finally, a roadmap of the conceptual elements
that should be integrated into current in vitro
systems to better reproduce vascular aging and
its consequences is proposed.

THE VASCULAR MICROENVIRONMENT
DURING AGING

López-Otín and colleagues (2013) have catego-
rized the cellular and molecular hallmarks of ag-
ing. Although these hallmarks apply to all cell
types/tissues in the human body, specific features
characterize the vascular compartment. Aging
induces a wide spectrum of molecular and cellu-
lar alterations that result in profound structural
and functional changes of small-size blood ves-
sels and capillaries (Ungvari et al. 2018), which
are responsible for themajority ofmass transport
across tissues (Jakab and Augustin 2020). Impor-
tantly, these vessels contain both VECs and sup-
porting mural cells, including pericytes, fibro-
blasts, and smooth muscle cells, which partially
cover the abluminal surface of the endothelium.

This microenvironment also undergoes molecu-
lar changes during aging, which include oxidative
stress, mitochondrial damage, inflammation,
senescence, extracellular matrix (ECM) remodel-
ing, glycocalyx damage, loss of cell identity, im-
paired protein homeostasis (also often referred to
as proteostasis) and nutrient sensing, genomic
instability, and epigenetic alterations (Ungvari
et al. 2018).

While all these features are equally relevant
to vascular aging, this reviewwill primarily focus
on those whose study can directly benefit from
their implementation within in vitro models.
These models will be discussed in the section
Modeling Vascular Aging In Vitro.

Oxidative Stress and Inflammation

Oxidative stress, mitochondrial damage, and in-
flammation often converge toward the local acti-
vationof theendotheliumandsurroundingmural
cells, triggering events that gradually induce re-
cruitment of immune cells, deposition of provi-
sionalmatrix, andcell identity loss (Schwartz et al.
2018). This unresolved vascular remodeling can
be defined as a persistent instability and is typical
of vascular damage during both physiological
aging and disease. Oxidative stress has been ob-
served in coronary arterioles comparing aged to
youngmicewherebothVECsand smoothmuscle
cells produce higher levels of ROS (Fig. 2A). In
addition, oxidative stress is associated with in-
creased inducible nitric oxide synthase (iNOS)
and decreased endothelial nitric oxide synthase
(eNOS) expression by VECs (Csiszar et al.
2002). However, other reports found no clear
changes in eNOS expression by VECs during ag-
ing, and rather highlighted increased endothelin-
1 as a key player in the reduced endothelial-
dependent dilation observed in older adults (Do-
nato et al. 2009).

Another sourceofROS is representedbydys-
functionalmitochondria. Physiological aging in-
duces a decline in mitochondrial mass and bio-
genesis in VECs and is associated with altered
expression of several components of the electron
transport chain, leading to increased ROS pro-
duction in aged blood vessels (Ungvari et al.
2018). This decline in mitochondrial function
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seems to be related to a compromised communi-
cation with the cell nucleus (Gomes et al. 2013).
Importantly, mitochondrial DNA (mtDNA) is
close to ROS production sites in mitochondria.
The accumulation of ROS can induce mtDNA
mutations, compromising the energy produc-
tion system (Wallace 2005). Both oxidative stress
and mitochondrial damage during aging con-
verge toward the activation of nuclear factor κ
light-chain enhancer of activated B cells (NF-
κB) signaling in both VECs and smooth muscle
cells (Csiszar et al. 2008; Ungvari et al. 2008).
Activation of the NF-κB signaling leads to the
expression of proinflammatory cytokines in-
cluding interleukin (IL)-1β, IL-6, IL-8, and tu-
mor necrosis factor (TNF)-α (Zhang 2008; Song
et al. 2012; Donato et al. 2015), which can induce
compromised barrier function in blood vessels,
an effect observed both in physiological aging
and under pathological conditions (Farrall and
Wardlaw 2009;Oakley andTharakan 2014; Pou-
los et al. 2017; Banks et al. 2021). Oxidative stress
and mitochondrial damage combine to the pro-

cess of so-called inflammaging. This concept re-
fers to a condition characterized by the presence
of elevated levels of inflammatorymarkers and is
connected with immune cell dysregulation, in-
flammasome activation, changes to microbiota
composition, chronic infections, and cellular
senescence (Ferrucci and Fabbri 2018). Features
of oxidative stress, mitochondrial damage, and
inflammation can be highly controlled in in vitro
models of vascular aging and age-related diseas-
es. Importantly, the use of donor-derived prima-
ry cells could help to clarify themechanisms un-
derlying the persistent instability that char-
acterizes aged or compromised blood vessels
and their interaction with the surrounding mi-
croenvironment. For instance, primary cells col-
lected from transgenic small vessel disease mod-
els have allowed to analyze the bidirectional
interaction between diseased VECs and other
brain cell populations including astrocytes
(Quick et al. 2021). Primary human cells would
represent the ideal source, but the available ma-
terial is limited and the operating procedures to

Figure 2.Aging of the vascular microenvironment. (A) Representative fluorescence and brightfield images of the
same vessel sections from aged (i) and young (ii) coronary vessels labeled with dihydroethidium (red in presence
of O2·) and hematoxylin. Enlargement of an aged vessel section (iii): from left to right, labeling with dihydro-
ethidium (red), hematoxylin staining, overlay of dihydroethidium (red) and hematoxylin, and overlay of dihy-
droethidium (red) and α smooth muscle actin (green). Scale bars, 10 μm. (Panel A from Csiszar et al. 2002;
reprinted, with permission, fromWolters Kluwer Health © 2002.) (B) Fluorescence images of thrombospondin 1
(TSP1) abundance in intimal and media layers of pulmonary arteries of 36- and 73-yr-old subjects (arrows
indicate intima). Scale bar, 100 μm. (L) Vascular lumen. Quantification of themean fluorescence intensity (MFI)
of TSP1 in the intima and media plotted as linear regression. (C) Images of lung blood vessel sections from
middle-aged wild-type and TSP1–/– mice stained with senescence-associated β-galactosidase (SA-b-Gal, green
signal) andMasson’s trichrome (quantification of collagen deposition, blue signal). Scale bar, 100 μm. (Panels C
andD fromMeijles et al. 2017; reprinted, with permission, from the American Association for the Advancement
of Science © 2017.) (D) Transmission electron microscopy of brain capillaries in a 6-mo-old mouse (i, ii) and a
24-mo-old mouse (iii, iv). Capillary from the 6-mo-old mouse (i) with uniform basement membrane (BM)
adjacent to endothelial cell (nucleus of the endothelial cell [NCe], endothelial cell [e]) and enclosing a pericyte
(p). (PMNn) Polymorphonuclear neutrophil, (a) end feet of astrocytes. (ii) Rare droplets (arrow) can be observed
in the BM (�) of capillaries from young mouse brain. Arrowhead indicates a direct contact between pericyte and
endothelial cell. (iii) The BM (�) of brain capillaries from the aged mouse is thicker, uneven, and with electron-
lucent, single, or grouped droplets (arrows). Large lipid-containing lysosomes (ly) are present in a perivascular
cell (pvc). (p) Pericyte, (a) end foot of astrocyte. (iv) Higher magnification of marked area in iii. (Panel D from
Ceafalan et al. 2019; reprinted under the terms of the Creative Commons CC BY license, which permits
unrestricted use, distribution, and reproduction in any medium.) (E) Confocal images of subventricular zone
showing changes in vascularization following heterochronic parabiosis. (Iso-Y) Isochronic young, (Het-Y)
heterochronic young, (Het-O) heterochronic old, (Iso-O) isochronic old. Quantification of blood vessel volume
and cerebral blood flow. Scale bar, 50 μm. (PanelE fromKatsimpardi et al. 2014; reprinted, with permission, from
the American Association for the Advancement of Science © 2014.)
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efficiently isolate cells postmortem or from sur-
gical biopsies need to be further improved to
avoid any alterations to the cell function.

Senescence

Another relevant feature of vascular aging whose
study would greatly benefit from the highly con-
trolled microenvironment available in complex
vascular models is cellular senescence. This phe-
nomenon is associatedwith the secretionof awide
set of inflammatory cytokines, including IL-6 and
TNF-α, that define the senescence-associated se-
cretory phenotype (SASP) (Bhayadia et al. 2016).
Complex signaling pathways can lead to the acti-
vation of the senescence program. Senescence can
be induced by activation of the DNA damage re-
sponse and accumulation of the transcription fac-
torGATA4 inaging tissues (Kanget al. 2015)orby
telomere uncapping (Morgan et al. 2013). In ad-
dition, the accumulation of the matrix protein
thrombospondin can induce VEC senescence by
activating the production of ROS and triggering
the DNA damage response (Fig. 2B,C; Meijles
et al. 2017). Recently, significant interest has
been captured by a class of drugs called senolytics,
which have shown promising results in selectively
removing senescent cells from several organs, as
well as from the vascular compartment. For in-
stance, chronic treatment with senolytics was
shown to lessen signs of vascular aging including
reducing calcifications and increasing bioavail-
ability of nitric oxide (Roos et al. 2016). While
these results are encouraging, several concerns re-
garding the efficacy of senolytics still remain. One
biotech company active in the anti-aging field re-
cently announced that the first novel senolytic
drug to reach the clinical trial level failed to beat
a placebo in the treatment of knee osteoarthritis
(Dolgin 2020). Among the possible explanations
for this failure is the fact thata single senolyticdrug
may be unlikely able to address all age-related
conditions because senescent cells are not the
same across aging tissues. Thus, more effective
biomarkers should be selected to identity differ-
ent types of senescent cells and to track their se-
lective elimination by novel candidate senolytics
(Dolgin 2020). In this regard, testing the perfor-
mance of senolytics using in vitro models of the

human vasculature could significantly aid in clar-
ifying the mechanisms of senescent cell removal
and its consequences on the surrounding cells.

ECM Remodeling, Perivascular Fibrosis,
and Glycocalyx Damage

Vascular aging is characterized by significant
changes at the level of ECMand basementmem-
brane (BM), the thin layer of collagen type IV
and laminin surrounding VECs. Early studies
demonstrated that the thickness of the human
BM increases with age (Xi et al. 1982). Apart
from structural changes, the composition of
the BM is also altered during aging. For instance,
ultrastructural studies onmousebrain capillaries
reported accumulation of lipid droplets during
aging and highlighted that lipid-rich BMregions
appeared located in pockets formed by astrocyte
end feet (Fig. 2D; Ceafalan et al. 2019).

With respect to the perivascular ECM, it is
important to highlight that senescence can alter
the secretion of matrix metalloproteases
(MMPs), which then modify the perivascular
ECM and activate TGF-β signaling leading to
altered collagen synthesis andperivascularfibro-
sis.While changes in theECMsurrounding large
arteries can lead to increased systolic pressure
and ventricular remodeling, compromised
ECM of small size blood vessels during aging
can affect microvascular transport and barrier
function (Jacob 2003). For instance, the in-
creased MMP-9 expression in aged mice has
been linked with inflammation and vascular
leakage, which in turn compromises cardiac
functionality (Yabluchanskiy et al. 2014). Re-
modeling of the ECM and inflammation can
also contribute to the progression of the endo-
thelial-to-mesenchymal transition, leading to
loss of cell identity (Fleenor et al. 2012; Dejana
and Lampugnani 2018). Activation of endothe-
lial-to-mesenchymal transition is associated
with organ fibrosis (Ghosh et al. 2010).

Moving from the abluminal to the luminal
space of blood vessels, the glycoprotein- and
glycolipid-rich layer associated with the VEC
surface (i.e., glycocalyx) undergoes changes not
only during disease but in the course of physio-
logical aging (Machin et al. 2019). Indeed, the
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glycocalyx thickness decreases during aging in
mice and humans, making the glycocalyx more
permeable (Machin et al. 2018).

Investigating the extremely dynamic and
progressive changes that occur at the level of
perivascular ECM and glycocalyx represents a
challenge in vivo. The combination of in vitro
human vascular models with the end-point ob-
servations obtained from animal studies might
offer a new perspective in the identification of
novel targets and in the screening of compounds
preventing or delaying the progression of the
perivascular remodeling.

Circulating Factors

Early experiments of heterochronic parabiosis
demonstrated that it is possible to partially re-
store the functionality of aged tissues (e.g., brain,
heart) by surgically connecting the blood flow of
older animals and younger animals (Fig. 2E; Lof-
fredo et al. 2013; Katsimpardi et al. 2014; Ozek
et al. 2018). Noteworthy, the circulating factor
GDF-11 was identified as a potential candidate
promoting vascular and tissue rejuvenation, al-
thoughother reports suggested that further stud-
ies would be required to clarify the role of this
molecule (Egerman et al. 2015). Single-cell se-
quencing of mouse brain VECs highlighted that
blood vessels experience significant changes
during aging including activation of oxidative
stress pathways, inflammation, and innate im-
munity. Importantly, exposure to plasma from
young animals partially rejuvenated brain VECs
of older mice (Chen et al. 2020). Specifically,
brain VECs from old mice express vascular cell
adhesion molecule 1 (VCAM-1), which is then
shed into the plasma. Treating young animals
with soluble VCAM-1-rich plasma increased
the expression of VCAM-1 in their brain
VECs, whereas exposure to blocking antibodies
against VCAM-1 counteracted the detrimental
effect of plasma from old animals on younger
mice (Yousef et al. 2019). Strikingly, blocking
VCAM-1 was associated with reducedmicroglia
activation and cognitive decline in old animals
(Yousef et al. 2019). Overall, it is now clear that
plasma from young donors contains factors that
prevent or delay the onset of tissue/organ dam-

age. However, mechanistic explanations and
relevant targets in a human context are still
unknown. It is envisioned that the high-
throughput screening of these factors in in vitro
models of the human vasculature would greatly
enhance the possibility of identifying candidates
for a future clinical translation.

Other Vascular Aging Hallmarks

The complexity of vascular aging involves other
metabolic and (epi)genetic alterations. The read-
er is encouraged to refer to these review papers
for detailed discussions regarding proteostasis
(Kaushik and Cuervo 2015), deregulated nutri-
ent sensing (Barzilai et al. 2012; Efeyan et al.
2015), genetic (Melzer et al. 2020), and epigenet-
ic (Sen et al. 2016) changes during aging.

ORGAN SPECIFICITY AND VASCULAR
AGING

Vascular beds have been traditionally classified
into arteries, veins, capillaries, and intermediate
vessels (e.g., arterioles and venules). In addition,
threemajor subtypeshavebeen identifiedamong
capillaries, namely, continuous, fenestrated, and
sinusoidal vessels. During the last decade, excit-
ing new studies have highlighted that in addition
to this traditional classification, both VECs and
supporting mural cells are not equal throughout
the body, being characterized by organ-specific
features that influence the functionality of the
surrounding tissues during homeostasis and dis-
ease, as well as the reverse (Augustin and Koh
2017; Potente and Mäkinen 2017).

In an early attempt to classify organ-specific
VECs, the Rafii group showed that cells from
different organs in mice express a unique com-
bination of transcription factors, cytokines, and
adhesion molecules. Interestingly, transplanta-
tion of VECs derived from embryonic stem cells
demonstrated that these cells can acquire organ-
specific features based on the tissue where they
engraft (Nolan et al. 2013). Organ-specificVECs
generate specialized vascular niches secreting
molecules called angiocrine factors that actively
contribute to the maintenance of organ metab-
olismandparticipate in the regenerationofdam-
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aged tissues (Rafii et al. 2016; Rafii and Gomez-
Salinero 2018). Importantly, the communica-
tion with the surrounding microenvironment
is bidirectional. For instance, local cues in the
heart maintain a specific chromatin state in car-
diac VECs inducing the expression of genes that
are not expressed when the cell are isolated in
culture (Yucel et al. 2020). VECs have been suc-
cessfully isolated from fetal heart, lung, liver, and
kidneys, and then cultured in vitro where they
showed distinct barrier properties that mim-
icked organ-specific features observed in vivo
(Marcu et al. 2018). More recently, advances in
single-cell biology have allowed dissection of the
organ specificityofVECswith anunprecedented
level of resolution (Qiu and Hirschi 2019; Jakab
and Augustin 2020; Paik et al. 2020). Similar to
VECs, several studies highlighted that mural
cells are characterized by a high level of diversity
and plasticity (Holm et al. 2018; Liu and Gomez
2019), as well as G-protein-coupled receptor
(GPCR) expression (Kaur et al. 2017) during ho-
meostasis and disease (e.g., acute and chronic
inflammation).

Although vascular cells show organ-specific
features, the molecular and cellular mechanisms
underlying vascular aging have been traditional-
ly considered similar across vascular beds. How-
ever, it is emerging that the pattern of vascular
aging is organ-specific. Using single-cell-resolu-
tion 3D imaging of vascular beds from young
(i.e., less than 15-wk-old) and old (i.e., 55- to
70-wk-old) mouse tissues, it was demonstrated
that vessel density and pericyte coverage de-
crease during aging, although the density of
blood vessels and pericytes is partially preserved
in highly remodeling organs such a skin, gut,
bone, and uterus when compared with heart,
brain, or kidney (Chen et al. 2021). In addition,
pericytes were shown to transdifferentiate into
fibroblasts during aging and degeneration of
the vascular compartmentwas sufficient to drive
senescence, which can then contribute to loss of
organ functionality.

Taken together, the discovery of organ spe-
cificityof vascularcells and their interactionwith
the localmicroenvironment has contributed to a
paradigm shift, whereby VECs and supporting
mural cells are now active players during devel-

opment and regeneration, as well as in awide set
of diseases includingneurodegeneration, cancer,
and fibrosis. It is expected that upcoming studies
in the context of organ-specific vascular aging
might shed light on the molecular mechanisms
underlying the decline in organ functionality
that occurs during physiological aging. The
identification of these mechanisms is expected
to foster the design of novel therapeutic ap-
proaches aimed at preventing or delaying vascu-
lar damage to preserve the organ function.

MODELING VASCULAR AGING IN VITRO

In this section, wewill focus on themain features
and findings of relevant in vitro 3D models that
havebeen employed to analyze specific aspects of
vascular aging over the last 5 years. In addition,
relevant results obtained through simple 2D as-
says complementing animal models will be
briefly described. The selection of manuscripts
was based upon a PubMed search performed on
May 5, 2021 using the keywords “vascular, aging
OR ageing, vitro OR microfluidic, model” re-
ported in the title or abstract of each research
product. Importantly, this section will not focus
on in vitromodels thatweremainly used to study
specific diseases, including those associatedwith
aging (e.g., AD) (Maoz et al. 2018; Shin et al.
2019; Vatine et al. 2019).

The majority of simplified 2D in vitro mod-
els focused on one of the most studied aspects of
aging, namely, cellular senescence. For instance,
Cirilli and colleagues (2020) treated young hu-
man umbilical vein endothelial cells (HUVECs)
with cigarette smoke extracts and observed sig-
natures of cellular senescence, which were then
partially reverted by treatment with ubiquinol
and menaquinone-7 (Cirilli et al. 2020). Low
concentrations of the chemotherapeutic drug
doxorubicin were shown to induce senescence
of immortalized VECs, which then expressed
typical components of the SASP. Interestingly,
treatment with SASP-containing conditioned
medium induced platelet activation and aggre-
gation (Venturini et al. 2020). It is important to
highlight that senescent cells or their products
can be in principle cleared, as demonstrated in
animal models through different methods (e.g.,

Mechanisms and Models of Vascular Aging

Cite this article as Cold Spring Harb Perspect Med 2022;12:a041180 9

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

 on April 26, 2024 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


genetic clearing using the INK-ATTAC model,
treatment with dasatinib and quercetin, treat-
ment with the Janus kinase (JAK1/2) inhibitor
ruxolitinib) (Xu et al. 2015, 2018). Exosomes
obtained from human embryonic stem cells
were able to rejuvenate D-galactose-induced
senescent HUVECs by partially restoring their
ability to proliferate, migrate, and form tubular
structures in vitro (Chen et al. 2019). This reju-
venation seemed tobe associatedwithmiR-200a,
which was enriched in exosomes from embry-
onic stem cells (Chen et al. 2019). Aging induc-
es endoplasmic reticulum (ER)-mitochondria
tethering in VECs, which is associated with an
increased Ca2+ uptake by mitochondria. This
phenomenon makes senescent cells more vul-
nerable to cell death induced by mitochondrial
Ca2+ overload (Madreiter-Sokolowski et al.
2019), as demonstrated by the selective death
of senescent cells following treatment with the
polyphenol resveratrol (Madreiter-Sokolowski
et al. 2019). VECs are not the only vascular cells
that have been studied in the context of senes-
cence. Hyperhomocysteinemia is known to in-
duce vascular aging, although the underlying
mechanisms are largely unknown. Using vascu-
lar smooth muscle cells treated with homocys-
teine, Yan and colleagues observed increased ex-
pression of p16, p21, and p53, all markers of
senescence. In parallel, impaired autophagy
was detected following homocysteine treatment,
whereas rapamycin partially restored autophagy
and reverted the senescence phenotype (Yan
et al. 2021).

Vascular senescence is associated with in-
flammation and oxidative stress. Using simple
cell culture systems, Yan and colleagues engi-
neered human vascular cells expressing an active
form of the transcription factor Forkhead box O3
(FOXO3), which has been linked to longevity.
These cells showed increased resistance to oxi-
dative stress in vitro and promoted vascular re-
generation in an animal model of ischemic injury
(Yan et al. 2019). Similarly, treatment ofHUVECs
withmelatoninwas able to reduce oxidative stress,
mitochondrial damage, and inflammation (NF-
κB signaling) (Lee et al. 2018).

Another key feature of vascular aging is cal-
cification, which often occurs at the level of sup-

porting mural cells. In vitro models based on
traditional 2D cell cultures of vascular smooth
muscle cells represent a useful tool to study the
mechanisms of calcification and test potential
treatments (Herrmann et al. 2020). Huang and
colleagues demonstrated that carnosinewas able
to inhibit the osteoblastic transdifferentiation of
smoothmuscle cells (reduced Runt-related tran-
scription factor 2 [Runx2] and bone morphoge-
netic protein 2 [BMP-2] protein expression),
and to reduce the production of ROS (Huang
et al. 2020). Similar results were obtained by
treating vascular smooth muscle cells with mag-
nesium (Villa-Bellosta 2020). Calcification is
also associated with blood vessel stiffening.
Among the different causes of increased cellular
stiffness is an abnormal level of intracellular so-
dium, which increases during aging. Using
atomic force microscopy, Mewes and colleagues
detected abnormally high levels of cellular stiff-
ness in VECs exposed to increasing sodium con-
centrations. Through a simple 2D culture, the
authors observed a decrease in cellular stiffness
following inhibition of soluble adenylyl cyclase
(Mewes et al. 2017).

Overall, monocultures of VECs or smooth
muscle cells have proven to be useful to simplis-
tically analyze specific features of vascular aging,
including senescence and calcification. Howev-
er, these models did not recapitulate the com-
plexity of vascular niches, both from an architec-
tural and functional point of view. For instance,
2D monoculture assays cannot be employed to
study changes in blood vessel functionality, in-
cluding vascular permeability and vessel dila-
tion, or to analyze the contribution of specific
treatments aimed at restoring this functionality
during aging. To overcome this limitation and to
complement animal models, a few 3D systems
recapitulating the aging vasculature have been
developed. For instance, modeling the BBB in
vitro allowed an understanding of key mecha-
nisms of vascular aging. Using a coculture of
human brain microvascular VECs and astro-
cytes separated by a porous membrane, it was
demonstrated that the complement component
C3a, which is up-regulated in astrocytes during
aging, can induce VEC activation, compromise
adherens junction integrity, and induce barrier
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loss (Propson et al. 2021). Although brain VECs
and astrocytes were separated by a semiperme-
ablemembrane, coculturewas sufficient to reveal
a signaling axis between two different cell types,
demonstrating that recapitulating a minimum
level of complexity of the neurovascular unit
was sufficient tounderstandan importantmech-
anism of vascular damage during aging. A more
complex system was designed by Yamazaki and
colleagues, who employed brain VECs and peri-
cytes derived from young (5- to 8-wk-old) and
old (40- to50-wkold)mice andcultured themon
the opposite sides of a porous membrane placed
on top of a well containing astrocytes. The au-
thors observed that the integrity of endothelial
tight junctions was compromised using cells
from old mice. This effect was coupled with a
reduced barrier functionality quantified through
transendothelial electrical resistance (Fig. 3A;
Yamazaki et al. 2016). While use of animal-de-
rived cells might not fully recapitulate the bio-
logical mechanisms underlying human vascular
aging, these experiments clearly showed that the
integrity of the BBB is compromised during ag-
ing and that this effect is due to interactions
within the neurovascular unit.

Moving toward increased complexity, a
blood-vessel-on-a-chip containing human-in-
duced pluripotent stem (iPS) cell–derived
VECs was employed to analyze the toxicity of a
library of nanoparticle (NP) formulations on the
vasculature. The study of these interactions is
particularly relevant for understanding the con-
sequences that specific treatments usingNPs can
have on the vascular system. Surprisingly, it was
demonstrated thatNP toxicitywasdependent on
the source of vascular cells (i.e., iPS cell lines
derived from fetal cells or from Hutchinson–
Gilford Progeria Syndrome (HGPS) donors),
suggesting that NP-based treatments should be
optimized based on the patient age and patho-
logical conditions. For instance,HGPS cells were
more vulnerable to Ag-based NPs. In addition,
the presence of flow within the blood-vessel-on-
a-chip attenuated NP-mediated toxicity (Es-
tronca et al. 2021). These results highlight the
importance of recapitulating physiological bio-
physical stimuli to properly model the response
of the vasculature. Salmonandco-authors cocul-

tured VECs and mural cells in a 3D tissue engi-
neered blood vessel that was exposed to chronic
oxidative stressusingH2O2 for 1 week.The treat-
ment induced signs of senescence (e.g., in-
creased p21 expression) in both cell types. How-
ever, the functional consequences of senescence
were only observed in VECs, which were charac-
terized by increased expression of the inflamma-
tory molecule VCAM-1. Moreover, endotheli-
um-dependent vasodilation was compromised,
while vasoconstriction and endothelium-inde-
pendent vasodilation were preserved (Salmon
et al. 2020).

Using cells from donors affected by HGPS, a
disease caused by a point mutation in the LMNA
gene, which leads to an impaired architecture of
the nuclear membrane and accelerated aging,
Ribas and colleagues employed organ-on-a-chip
technology to analyze the effect of biomechanical
stimuli on iPS cell–derived smooth muscle cells.
Interestingly, only cells from HGPS patients and
not from healthy donors showed activation of an
inflammatory response and signs of DNA dam-
age when exposed to mechanical stimulation
(Ribas et al. 2017). These observations might be
compatible with perivascular fibrosis commonly
observed in HGPS patients. In agreement with
thesefindings, a simplified invitromodel coupled
with in vivo observations also demonstrated that
VECs expressing mutated LMNA showed an al-
tered response to shear stress and decreased the
expressionof eNOSandnitricoxide,whichmight
trigger a profibrotic response in mural cells (Os-
managic-Myers et al. 2019).

Current in vitro systems often lack a detailed
characterization of vascular changes occurring
from the gene expression to the functional level.
Using a multianalytical approach combining
microfluidic organ-on-a-chip, RNAsequencing,
and secretome analyses validated within human
tissue biopsies, Bersini and coauthors demon-
strated that coculturing human dermal fibro-
blasts obtained from young donors can partially
restore the functionality of old human dermal
VECs. This functional restoration was analyzed
in terms of BM integrity, secretion of inflamma-
tory cytokines, activation of endothelial-specific
gene-expression programs, and vascular perme-
ability (Fig. 3B). Interestingly, it was further
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demonstrated that treating these rejuvenated
cellswith blood serumobtained fromoldhuman
donors was sufficient to reinduce signatures of
vascular aging. This approach allowed the iden-
tification of potential novel vascular aging bio-
markers that were validated using human tissue
biopsies from donors of different ages (Bersini
et al. 2020a).Using a similar approach combined
with the direct reprogramming of dermal fibro-
blasts from donors of different ages into VECs
and smooth muscle cells, the same group ana-
lyzed vascular aging in the context of HGPS.
Since the main consequence of this accelerated
aging syndrome is vascular damage, the group
used reprogrammed cells from HGPS patients
and healthy, age-matched controls to analyze
the contribution of dysfunctional smooth mus-
cle cells. HGPS-derived cells induced vascular
leakage, an effect partially due to the overexpres-
sion of BMP-4, which is associated with abnor-
mal vascular permeability and smooth muscle
cell calcification (Fig. 3C; Bersini et al. 2020b).

Overall, the combination of novel biofabri-
cation strategies with advanced biological anal-
yses has been demonstrated to be instrumental
for the identification of features of vascular ag-
ing that were previously unknown.

CONCLUDING REMARKS

Aging is the major risk factor for a large set of
diseases including CVDs and cancer. However,
our understanding of the biological mecha-
nisms of aging is still limited. In this context,
the length of the cardiovascular system and its
capillary distribution have traditionally repre-
sented a major obstacle for their comparative
study. In addition, the complexity of blood ves-
sels lies not only in the classical artery-capillary-
vein distinction, but also in the emerging role of
organ-specific vascular differentiation, which
has consequences during development, physio-
logical aging, and disease.

Figure 3. Advanced in vitro models of vascular aging. (A) In vitro coculture models of the blood–brain barrier.
Mouse endothelial cells (CD31+, red) and pericytes (platelet-derived growth factor receptor (PDGFR)-β+, green)
were cultured on a semipermeable membrane insert, whereas astrocytes (glial fibrillary acidic protein (GFAP)+,
green) were cultured into the bottom of the culture well. Cells were obtained from middle-aged or young mice.
The barrier integrity was quantified using transendothelial electric resistance (TEER) measurements and the
permeability coefficient for sodium fluorescein (NaF) and Evans blue (EB) albumin. The barrier was compro-
mised in the presence of cells from middle-aged mice. (Panel A from Yamazaki et al. 2016; reprinted, with
permission, from Wolters Kluwer Health © 2016.) (B) 3D in vitro models of biomechanical stimulation of
Hutchinson–Gilford progeria syndrome (HGPS) blood vessels. Blood vessels experience cyclic strain due to
pulsatile blood flow. Hence, a microfluidic vascular model containing two overlapping channels was designed. A
cross-sectional view of the microfluidic device shows the smooth muscle cell layer cultured on top of the
membrane and a view during vacuum stimulation shows the downward membrane deformation. The expression
of inflammatory markers (i.e., interleukin [IL]-6 and 1β) was significantly higher in systems embedding smooth
muscle cells derived from HGPS donors compared to healthy controls when exposed to biomechanical stimu-
lation (strain level up to 16%). (C) Microfluidic model of human endothelial cell aging. Schematic and confocal
image of the model that embedded in separate compartments human dermal fibroblasts obtained from young
and old healthy donors and endothelial cells (green). Themodel revealed that the integrity of the vascular barrier
was restored when endothelial cells from an old donor were cocultured with dermal fibroblasts derived from
young donors (fluorescent 70 kDa dextran was used for permeability measurements). Actin (red) stained both
endothelial cells and fibroblasts. Scale bars, 50 μm. (PanelC from Bersini et al. 2020a; reprinted, with permission,
from the authors © 2020.) (D) Transcriptional and functional analysis of smooth muscle cells directly repro-
grammed from HGPS and healthy, age-matched dermal fibroblasts donors revealed that potential markers
involved in vascular permeability (i.e., bone morphogenetic protein 4 [BMP-4] and jagged 1 [JAG1]) were up-
regulated in HGPS-derived cells. Analysis of vascular permeability within a microfluidic model demonstrated
that the integrity of the endothelial barrier was compromised in the presence of smooth muscle cells repro-
grammed from HGPS and old donors compared to young healthy donors. (Panel D from Bersini et al. 2020b;
reprinted under the terms of the Creative Commons Attribution License, which permits unrestricted use and
redistribution provided that the original author and source are credited.)
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Simplified in vitro models have been so far
developed to analyze specific features of vascular
aging, while the majority of experimental ap-
proaches have been performed in rodents.
Only a fewmore complex systems have attempt-
ed to bridge the gap with in vivo studies.

How can in vitro models be improved to
more faithfully mimic the aging vasculature of a
specific organ? The first element to restore is
complexity. Although a fewmodels have explored
cocultures and attempted to reproduce the 3D
architecture of small tissue units, more effort
needs to be directed to the design of organ-spe-
cific culture conditions. For instance, organ-on-
a-chip technologies allow compartmentalization
of different cell populations into specific regions
of microfluidic devices. However, it is still not
possible to spatially organize the multiple niches
that form a tissue (e.g., perisinusoidal niche, peri-
arteriolar niche, osteoblastic niche in the bone)
and at the same timepromote propermaturation,
which often requires different biochemical (e.g.,
growth factor gradients) and biophysical (e.g.,
luminal and interstitial flow) stimuli, occurring
at different time scales for each niche. In addition,
the ECM used to embed cells and tissues is gen-
erally undercharacterized. Oversimplified natural
or synthetic matrices are employed to maintain
cell viability, but the matrices should be better
optimized to allow cells to better mimic their
physiological behavior. Similarly, the composi-
tion of the cell culture medium should be prop-
erly tuned over time to allow the correct matura-
tion of the tissue and the interaction among
different niches, and the media formulation
should be carefully modified toward animal-free
recipes for those systems that aim to study the
contribution of human circulating proteins/lip-
ids/geneticmaterials. Overall, the optimization of
these features would go a longway to allowing the
full investigation of the complexity of interactions
driving vascular aging.

Another key aspect to be considered is the
use of human cells. Although basic mechanisms
are conserved among humans and rodents, the
functionality of the immune system is different.
Since inflammaging is a key aspect of aging, the
interactions between vascular cells and immune
cells are fundamental to understand the mech-

anisms of human vascular aging. However, ob-
taining human primary cells is often challenging
for specific tissues, especially for the brain. Di-
rect reprogramming of human dermal fibro-
blasts into organ-specific cells, including VECs
and smooth muscle cells, is a valuable alterna-
tive to primary cells. Recently, different studies
have highlighted the relevance of directly repro-
grammed cells (Van Tuyn et al. 2005; Han et al.
2014), particularly in the context of aging (Mer-
tens et al. 2015; Bersini et al. 2020b). Indeed,
reprogrammed cells do not lose the aging signa-
ture of the cells of origin compared to iPS cells.

Regarding potential applications of in vitro
vascular aging models, the patient-specific longi-
tudinal monitoring of individual vascular health
could represent a clinical breakthrough. Indeed,
the vascular system is not easily accessible for
tissue biopsies and the possibility of combining
routine blood works with personalizedmodels of
the patient vasculature starting from a simple
skin biopsy would increase the understanding
of how the vasculature is performing during
physiological aging, diseases, or treatment (e.g.,
vascular changes due to chemotherapeutic
drugs). Importantly, in light of the fact that the
cells could be obtained from people of different
age, gender, ethnicity, body mass index, and oth-
er relevant features, these systems would also al-
low more effective drug screening assays.

Concluding, the combination of biofabrica-
tion with patient-derived cells and advanced an-
alytical techniques (e.g., single-cell genomics and
proteomics) will allow the recapitulation of the
complexity of human, organ-specific vascula-
tures during aging and the analysis of cell–cell
and cell–matrix interactions that are challenging
to observe in vivo. Most importantly, this ap-
proach will allow more effective screenings of
drugs before moving to animal studies; hence,
fostering an efficient translation of biological dis-
coveries into therapies for a healthier aging.
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