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1 | INTRODUCTION

Abstract

Cardiovascular calcification, a kind of ectopic mineralization in cardiovascular system,
including atherosclerotic calcification, arterial medial calcification, valve calcification
and the gradually recognized heart muscle calcification, is a complex pathophysi-
ological process correlated with poor prognosis. Although several cell types such as
smooth muscle cells have been proven critical in vascular calcification, the aetiology
of cardiovascular calcification remains to be clarified due to the diversity of cellular
origin. Fibroblasts, which possess remarkable phenotypic plasticity that allows rapid
adaption to fluctuating environment cues, have been demonstrated to play impor-
tant roles in calcification of vasculature, valve and heart though our knowledge of
the mechanisms controlling fibroblast phenotypic switching in the calcified process
is far from complete. Indeed, the lack of definitive fibroblast lineage-tracing studies
and typical expression markers of fibroblasts raise major concerns regarding the con-
tributions of fibroblasts during all the stages of cardiovascular calcification. The goal
of this review was to rigorously summarize the current knowledge regarding pos-
sible phenotypes exhibited by fibroblasts within calcified cardiovascular system and
evaluate the potential therapeutic targets that may control the phenotypic transition
of fibroblasts in cardiovascular calcification.
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dissect the molecular mechanism underlying cardiovascular calcifi-

cation and to improve CVD prognosis via harnessing or even revers-

Cardiovascular disease (CVD) is the leading cause of mortality in the
world, which has brought immense burdens on global public health.!
With the increase of ageing population, the incidence of CVD is dra-
matically rising. In 2015, there were ~400 million CVD cases and
~18 million CVD-related deaths.? The calcification of cardiovascular
system is an important risk factor for adverse cardiovascular events.
Severe calcification in cardiovascular system predicts a poor prog-

nosis in CVD patientSA3 Therefore, great efforts are being made to

ing the ectopic calcification.

Like bone formation, ectopic calcification, including cardiovas-
cular calcification, is also a complex regulated process of ossifica-
tion characterized by calcification of extracellular matrix (ECM).
It is a tightly regulated, active process mediated by cells that are
capable of mineralization in soft tissues. Mesenchymal cells are
the major sources of ectopic calcification, such as vascular smooth

muscle cells (VSMCs), valve interstitial cells (VICs) and dermal
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fibroblasts. All these cells can transit into osteoblast-like cells with
up-regulation of osteogenic markers.*® However, the situation is
more complicated in cardiovascular calcification based on its cel-
lular diversity.

The most common forms of cardiovascular calcification include
vascular calcification, valvular calcification and myocardial calcifica-
tion. Vascular calcification, with the deposition of hydroxyapatite in
arterial wall, can be classified into two completely different forms:
intimal calcification and medial calcification, depending on the loca-
tion of calcified minerals. Valvular calcification mainly affects aortic
and mitral valves, which refers to calcific aortic valve disease (CAVD)
and mitral annular calcification (MAC). Last, but not the least, myo-
cardial calcification is another form of cardiovascular calcification.
It is being recognized as a novel adverse sign of ventricular remod-
elling. Myocardial calcification, mostly accompanied by fibrosis, can
interrupt the electrical propagation of the conduction system. It
leads to arrhythmia and cardiac dysfunction.” Therefore, cardiovas-
cular calcification is a serious condition affecting major components
of cardiovascular system. However, the aetiology of cardiovascular
calcification is still unclarified.

2 | THE MAIN SOURCES OF
CALCIFICATION

Ectopic calcification, which refers to the mineralization of extracel-
lular matrix (ECM) occurred in areas other than skeleton and teeth,
is also named as soft-tissue calcification. It could be classified as (a)
metastatic calcification, which arises in accompany with up-regu-
lated serum calcium or phosphate; (b) dystrophic calcification, which
mainly exists in chronically damaged tissues with normal serum cal-
cium/phosphate levels; and (c) tumoral calcinosis (TC), an uncommon
clinicopathological condition, which is characterized by the deposi-
tion of calcified masses in juxta-articular and a normal calcium/phos-
phate level in serum.®?

Smooth muscle cells and fibroblasts are the main players in ec-
topic calcification. They mediate the abnormal mineral deposition
through acommon process, whichisanimbalance between pro-cal-
cification stimuli and calcification inhibitors. Hydroxyapatite is the
main crystal phase presented in ectopic mineralized ECM, which
is predominantly constituted by calcium (Ca) and inorganic phos-
phate (Pi) ions. Pi plays a critical role in triggering ectopic ECM
mineralization. However, simply elevating the concentration of
phosphate is insufficient to induce ECM mineralization because
of the existence of inorganic pyrophosphate (PPi). PPi is a strong
inhibitor of ectopic mineralization which could directly inhibit the
aggregation of hydroxyapatite and crystal growth.!%'* Thus, the
dynamic alterations of Pi/PPiratio is critical in regulating the ecto-
pic mineralization process. Most anti-mineralization and pro-min-
eralization factors function by altering the ratio of Pi/PPi, such
as alkaline phosphatase (ALP), matrix Gla protein (MGP), ectonu-
cleotide pyrophosphatase/phosphodiesterase-1 (ENPP1) and py-

rophosphate analogues.'?> ALP promotes matrix mineralization

WILEY- %

by degrading inorganic pyrophosphate and producing mineral
constituents of hydroxyapatite-Pi. ENPP1 inhibits ectopic miner-
alization by increasing PPi supplementation. Bisphosphonate can
be used as an anti-mineralization agent by mimicking PPi.!®> On the
contrary, in skeleton and teeth, PPi promotes mineralization cause
it can be broken down by tissue non-specific alkaline phosphatase
(TNAP) to generate Pi.} There still exist other factors that can in-
hibit matrix mineralization without directly interfering the ratio of
Pi/PPi, for instance fetuin-A. Fetuin-A inhibits de novo formation
of hydroxyapatite crystals by forming transient-soluble, colloidal
spheres (containing Ahsg, calcium, phosphate) and delaying their
precipitation.l“”17 Osteopontin inhibits mineralization through di-
rectly binding to crystal surfaces and inhibiting any further prop-
agation.®!® These pathways provide a strong possibility to better

understand the calcification process.

2.1 | Roles of vascular smooth muscle cells in
vascular calcification

Vascular calcification, with the deposition of hydroxyapatite in arte-
rial wall, can be classified into two completely different forms de-
pending on the location of minerals, including intimal calcification
and medial calcification. Vascular calcification is strongly associated
with acute cardiovascular and cerebrovascular events, especially
combined with diabetes and chronic kidney disease.’”?° It is closely
correlated with increased all-cause and cardiovascular morbidity and
mortality.?!

The walls of large and moderate arteries have three distinct
layers: the tunica intima, tunica media and tunica adventitia. The
intimal layer is majorly composed of endothelial cells. The media,
also named the smooth muscle layer, is composed of concentric
rings of smooth muscle cells and collagen, elastin fibres. The ad-
ventitia, the most complicated layer of vessel walls, is composed of
fibroblasts, vascular progenitor cells and immune cells.?%2% Intimal
calcification is associated with the forming of atherosclerotic
plaque. It frequently occurs in the coronary and carotid arteries,
exacerbating arterial stenosis or obstruction. Coronary artery cal-
cification is an important part of intimal calcification, which can be
evaluated by overall coronary artery calcium score using non-inva-
sive imaging. Coronary calcium score is a critical index to identify
high-risk atherosclerotic CVD patients‘z“’25 Medial calcification
can lead to vessel stiffening and decreased compliance, occurring
in extremity arteries such as tibial and femoral, causing insuffi-
cient blood supply.

Osteogenic differentiation of VSMCs is likely a common fea-
ture of intimal and medial calcification. However, stimuli that in-
duce this process are different, and intimal calcification is often
induced by disrupted lipid homeostasis, oxidative stress and in-
flammation.?® Medial calcification is usually accompanied by age-
ing, diabetes and renal disease.?” For vasculature, it has gained
acceptance that VSMCs undergo ‘de-differentiation into a syn-

thetic phenotype and further step into osteogenic fate’ during
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vascular calcification. The phenotypic transition of VSMCs is ac-
companied by the increased expression of bone markers, such as
ALP, collagen 1, runt-related transcription factor-2 (Runx2), oste-
opontin, osteocalcin and reduced expression of VSMCs markers
including SM22a, smooth muscle a-actin and smooth muscle cell
myosin heavy chain.?® The identical roles of VSMCs in intimal and
medial calcification has been illustrated by others.?? Many factors
can inhibit vascular calcification by re-balancing calcium-phos-
phate metabolism or inhibiting the formation and propagation
of hydroxyapatite crystals, such as MGP, osteopontin, fetuin-A,

ENPP1 and pyrophosphate analogues.!?*>%7

2.2 | Roles of fibroblasts in ectopic calcification

Ectopic soft-tissue calcification is also a characteristic sign of
many diseases, such as Werner's syndrome (WS) and pseudox-
anthoma elasticum (PXE). Werner's syndrome, a rare autosomal
recessive disorder, caused by mutations in the WRN gene, is often
accompanied by extensive subcutaneous calcification,>® whereas
pseudoxanthoma elasticum is caused by the ABCC6 gene muta-
tion and characterized as progressive calcification of elastic fibres
in skin, eyes and the cardiovascular system.3! Besides, gamma-
glutamyl carboxylase (GGCX) syndrome, caused by GGCX gene
mutation, also possess PXE-like symptoms, with calcium deposits
in vessel walls and elastic fibres.®? In the occurrence of dermal
ectopic calcification, fibroblasts are concerned as principal can-
didates.® Dermal fibroblasts treated with pro-calcifying medium
for 3 weeks exhibited evident calcium deposits.>#%> Interestingly,
Federica et al found that dermal fibroblasts derived from PXE
patients are more susceptible to mineralization stimuli.®® Yumi
et al indicated that dermal fibroblasts derived from GGCX patients
have higher ALP activity and mRNA levels of many osteogenic
markers under osteogenic induction, showing elevated sensitivity
to calcific stimulus. Meanwhile, the cultured WS fibroblasts were
reported to exhibit spontaneous mineralization in vitro under a
normal phosphate concentration by Satoshi et al, suggesting that
these fibroblasts cultured in vitro retain several pathologic char-
acteristics which they have in vivo.*3%”

Besides, liver calcification following human liver transplantation
may lead to graft dysfunction or even graft failure. Fariba et al re-
ported that myofibroblasts were over-agglomerated in pre-calcified
and calcified areas with large expression of bone-specific matrix
proteins and transcription factors, suggesting that liver calcification
after graft may be the consequence of a generalized response to
stimuli involving osteogenic differentiation of activated myofibro-
blasts.384% Meanwhile, fibroblasts derived from spinal ligaments
also possess a strong mineralizing potential. Mechanical stress in-
duces the osteogenic differentiation of ligament fibroblasts through
activating Cx43/MAPK/ERK signalling, knock-down of Cx43 sig-
nificantly blocked this phenomena. IL-6 can also promote the os-
sification of ligament fibroblast by activating MAPK/ERK pathway,

which is the major component of osteogenic signalling pathways,

demonstrating that the osteoblastic differentiation of fibroblasts is

similar in different organs.**43

3 | EMERGING ROLES OF FIBROBLASTS IN
VASCULAR CALCIFICATION

Vascular calcification is practically in parallel with the progression
of atherosclerosis. Calcified lesions in atherosclerotic plaques most
likely appear at the late stage of atherosclerosis. According to the
diameter of calcified particles, calcified lesions are divided into mac-
roscopic calcification and microcalcification. Macroscopic calcifica-
tion, which is defined as calcified particles >50 pm in diameter,**
makes plaque more stable. pCalcs (microcalcification) seems to
be harmful when it is embedded in the fibrous cap, which can in-
crease the vulnerability of plaque by increasing local stress over 2-5
times.*>*¢ Once the local stress grows to over 300 kPa, plaque rup-
ture may happen.47

The roles of intima and media in atherosclerosis have attracted
great attention, whereas the emerging roles of adventitia in ath-
erosclerosis are being clarified. Li et al demonstrated that local
overexpression of adiponectin gene in adventitia via the approach
of adenovirus (Ad-APN) could dramatically reduce atherosclerotic
plaque areas in rabbit models of abdominal aorta balloon injury, im-
plying a critical role of adventitia in atherosclerosis.*® As the main
cells in adventitia, adventitial fibroblasts (AFs) play an important role
in the pathological progression of atherosclerosis. In response to
many cytokines and growth factors (ie ROS, transforming growth
factor -betal (TGF-B1), tumour necrosis factor-a (TNF-a), fibroblast
growth factor-2 (FGF-2), osteocalcin),**>? AFs can trans-differenti-
ate into myofibroblasts and migrate towards the lumen, contribut-
ing to the neointima formation in injury-induced and graft-induced
atherosclerosis.”® Besides, Karamariti et al revealed that the trans-
planted AFs can migrate to the intima and trans-differentiate into
smooth muscle cells in mouse wire-induced femoral artery injury
model.>* In atherosclerotic lesions, fibroblasts can be derived from
endothelial cells through endothelial-to-mesenchymal transition
(EndMT). By using lineage-tracking system, Evrard et al revealed
that EndMT is common in atherosclerotic lesions. Higher incidence
of EndMT transition is closely related to a higher risk of plaque rup-
ture in human.®

The vasa vasorum (VV) provides nutrients and oxygen to adven-
titia and the outer part of media of large arteries, and removes waste
products. AFs might play a critical role in regulating the expansion of
vasa vasorum in atherosclerotic disease. The potential mechanism
might be associated with AF-secreted pro-inflammatory cytokines
and pro-angiogenic growth factors, including interleukin-6 (IL-6) and
vascular endothelial growth factor (VEGF).>*%7 Li et al reported that
AF-derived VEGF plays a pivotal role in the increase of VV count.”®
Studies have discovered that the neovessels of VV contribute to
plaque progression by delivering inflammatory cells to the plaques,
and the leakage of immature VV is responsible for intraplaque haem-

orrhage. A recent study suggested that lysed erythrocytes promoted
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the osteoblastic differentiation of VSMCs in a NO-dependent man-
ner.>>%% Furthermore, the early calcified human atherosclerotic
plaques contained large amounts of platelets due to plaque neovas-
cularization by leaky vessels, blood extravasation and haemorrhage.
In patients with carotid artery stenosis, levels of osteocalcin content
in circulating platelets and total osteocalcin release after activation
were significantly increased. Furthermore, the overexpression of
osteocalcin dramatically accelerated the mineralization of vascular
smooth muscle cells (MOVAS).6%4? Besides, by using scanning elec-
tron microscope (SEM) and immunogold, researchers found that
plenty of activated platelets adhere to the surface of mineralized
aortic valves and secrete numerous atherogenic mediators, which
potently promote the mineralization of VIC by releasing soluble fac-
tors. Specifically, intravenous injections of activated platelets signifi-
cantly promote the progression of calcific aortic valve stenosis in
mice.®® Blocking angiogenesis of VV using angiostatin can alleviate
the progression of atherosclerosis.®*

Thus, adventitial fibroblasts, contributing to the progression of
atherosclerosis, may potentially participate in vascular calcification.
Haurani et al proved that AF-derived NADPH and reactive oxygen
species (ROS) are key sensors and messengers for initial remodelling
of vascular disease.®>®® Hydrogen peroxide (H,0,), a cell-perme-
able ROS, which has been proved to induce VSMCs calcification by
increasing the expression and activity of Runx2, a key osteogenic
transcription factor controlling the expression of many osteoblastic
differentiation-related genes.®” ROS can also trigger the inflamma-
tory response of adventitia via increasing the expression of interleu-
kin-6 (IL-6), TNF-o and vascular cell adhesion molecule-1 (VCAM-1).68
TNF-a has been demonstrated to promote arterial calcification in
type Il diabetes (T2DM) mouse model through enhancing Msx2-Wnt
signalling.®” Meanwhile, IL-6 can induce the trans-differentiation of
VSMCs into osteoblast through STAT3/JMJD2B pathway.”®

4 | FIBROBLASTS IN VALVE
CALCIFICATION

Valve calcification is a common cardiac disease attributed by valve
cells, leading to the thickness, calcification and mechanical dysfunc-
tion of valve leaflets.”! Calcific aortic valve disease (CAVD) is the
most common form of valvular calcification with calcific nodules de-
positing on the cusps of the leaflets, resulting in thickened and stiff-
ened leaflets, a remarkable reduction in valve function and ultimate
aortic stenosis. Mitral annular calcification (MAC) is a relatively mod-
erate process which occurs on the fibrous base of the mitral valve
and shows rare effects on mitral valve function.”?

Interestingly, both CAVD and MAC are tightly associated with
great atherosclerotic risk factors such as hypertension, hyperlipidae-
mia and diabetes.”®”° Furthermore, MAC shares plenty of common-
alities with atherosclerosis. Both are triggered by endothelium injury
and result in lipid accumulation and calcium deposition. Hence, it is

commonly believed that MAC is another form of atherosclerosis.”®”’

WILEY-

MAC is also discovered to increase the incidence of arrhythmias in
similar to myocardial calcification.”® In patients with severe myocar-
dial infarction, mitral valve thickness is always witnessed, leading to
mitral valve regurgitation, a severe complication.”” Besides, multi-
ethnic cohort studies revealed that MAC is robustly associated with
CVD.8%8 The initiating process of CAVD involves leaflets’ fibrotic
changes, and granules of mineralization occur mainly in the fibrotic
region of leaflets.%?

According to the diverse morphologies, valve cells can be divided
into several cell populations. Valve interstitial cell is recognized as
the major cellular origin of calcific valve, which is capable of under-
going osteogenic differentiation in response to the microenviron-
mental and mechanical cues.®® However, recent study showed that
valve-derived stromal cells (VDSCs), as uniform spindle-shaped fi-
broblasts, exhibiting potent proliferating ability and expressing both
mesenchymal and osteogenic markers, may potently contribute to
valve calcification.®* In addition, valve ECs also showed the potential

of osteogenic differentiation via EndMT process.8>8¢

5 | FIBROBLASTS IN MYOCARDIAL
CALCIFICATION

Pathological cardiac calcification is often observed in the aged and in
patients with end-stage renal disease who have disturbed calcium-
phosphate metabolism or for unknown reasons.8”®® With calcium
deposited in the myocardium, heart can be the only organ with sig-
nificant calcium deposition. The deposition of calcium in myocar-
dium is often associated with poor outcome, such as arrhythmia or
sudden cardiac death.®” Cardiac calcification has been proved as a
predictor of poor outcome following myocarditis or myocardial in-
farction.®”®? However, in myocardial calcification, few is known re-
garding the identification of cellular source.”®

Heart is a highly organized structure that contains several types
of cells. Adult mammalian heart is mainly composed of cardiomyo-
cytes, fibroblasts, endothelial cells (ECs) and leucocytes. Fibroblasts
constitute 20-30% of total non-cardiomyocytes in the heart.”!
They form the cardiac scaffold and play a critical role in heart de-
velopment by producing extracellular matrix and expressing various
cytokines.”?

In response to pressure overload or ischaemic injury, the heart
undergoes a dynamic remodelling process, producing a multitude of
ECM proteins, such as collagens and fibronectin. The deposition of
ECM is mainly driven by cardiac fibroblasts. Under stress, cardiac
fibroblasts transform into myofibroblasts with elevated production
of ECM and contractility, resulting in cardiac fibrosis.”>?* Ectopic
mineralization is characterized by hydroxyapatite deposited within
and along collagen fibrils. This common ground of collagens seems
to explain the coexistence of ectopic mineralization and fibrosis. In
a case of septic myocardial calcification, a wide calcification area on
the right atrial wall contains the deposition of fibrin and surrounded

by fibrotic tissue.”®
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Cardiac fibroblasts (CFs) possess a degree of native cellular
plasticity and have central roles in pathogenic remodelling. During
myocardial ischaemia, fibroblasts can replace non-regenerative
myocardium upon injury and be activated into contractile smooth
muscle-like myofibroblasts which create a reparative fibrotic scar
to prevent ventricular wall rupture.”®®” Cardiac fibroblasts can also
adopt endothelial cell-like fates through mesenchymal-endothe-
lial transition (MEndoT) following acute cardiac injury, and fibro-
blast-derived endothelial cells have an important role in promoting
the neovascularization of injured heart and cardiac repair. *® This
transition can be augmented by p53, a cellular stress-response gene,
which may have a profound effect on reprogramming. 99

Recently, Pallai et al reported that cardiac fibroblasts can adopt
an osteoblast cell-like fates, contributing to cardiac calcification
after injury.”® This study illustrated the potential of cardiac fibro-
blasts converting to osteoblast-like cell with an in vitro cell culture
system. Culturing adult C57/BL6 CFs with osteogenic differentiation
medium (DM) led to the deposition of calcium hydroxyapatite with
the expression of canonical osteoblast genes (Runx2, osteocalcin,

osterix, bone sialoprotein and osteopontin). In vivo, three murine
models of C3H strain (high-dose steroids, cryo-injury and ischaemic
injury) were created. Murine hearts exhibited calcium hydroxyapa-
tite deposition in injured regions where there was fibrosis. In border
region, genetically labelled CFs expressed osteoblast markers and
Runx2, the master osteogenic transcription factor. This report sug-
gests that cardiac fibroblasts possess a high degree of plasticity and
can adopt an osteogenic phenotype. Notably, some strains of mice
like B6 strains failed to exhibit hydroxyapatite deposition post-heart
injury. In the meantime, few osteogenic markers were witnessed in
labelled CFs of those strains, suggesting that osteogenic fate of CFs
is thick with mouse strains.

Researchers also found the expression of ENPP1 was up-regu-
lated after injury, and inhibition of ENPP1 with small molecules could
dramatically decrease ectopic cardiac calcification and preserve car-
diac function. This seems to be contrary to the previous opinion that
ENPP1 can inhibit ectopic mineralization. Most likely, this is attributed
to the enrichment of TNAP in myocardium that can hydrolyse PPi to
generate Pi, whereas Pi can be used as constituents of hydroxyapatite.

FIGURE 1 Roles of fibroblasts in cardiac and vascular calcification. Schematic representation of the central role of fibroblasts in
regulating calcification via diverse signalling pathways. ECs, endothelial cells; Fb, fibroblasts; MyoFb, myofibroblasts; SMCs, smooth muscle
cells; VDSCs, valve-derived stromal cells; VICs, valve interstitial cells; EndMT, endothelial-to-mesenchymal transition; TGF-p1, transforming
growth factor-betal; ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase-1; TNF-a, tumour necrosis factor-a; ROS, reactive oxygen
species; IL-6, interleukin-6; FGF-2, fibroblast growth factor-2; H202’ hydrogen peroxide; OPN, osteopontin; MGP, matrix Gla protein
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6 | THE MAIN SIGNALLING GOVERNING
FIBROBLAST-MEDIATED CALCIFICATION

As discussed above, fibroblasts play a central role in tissue calcifi-
cation under diverse conditions, like ischaemia, pressure overload,
shear stress and inflammation. Fibroblasts can trans-differentiate
into myofibroblasts with enhanced abilities of proliferation and
migration under the stimulus of numerous growth factors and
cytokines, such as ROS, TGF-p1 and TNF-a. Vascular smooth
muscle cells can switch into calcified phenotype within stimulus.
For example, H,O, can induce the osteogenic differentiation of
VSMCs by increasing the expression of Runx2y a vital osteogenic
transcription factor. TNF-a promotes arterial calcification by acti-
vating Msx2-Wnt signalling, and IL-6 induces the osteogenic dif-
ferentiation of VSMCs through STAT3/JMJD2B pathway, whereas
fetuin-A, ENPP1, MGP, osteopontin and pyrophosphate analogues
can inhibit vascular calcification by similar mechanisms, including
re-balancing calcium-phosphate metabolism and inhibiting the for-
mation and propagation of hydroxyapatite crystals. Interestingly,
ENPP1, a PPi-generating ectophosphatase, can strongly inhibit
ectopic mineralization. As PPi can directly inhibit the aggregation
and growth of hydroxyapatite crystal, it was supposed that ENPP1
should inhibit the calcification of heart after injury. However, PPi
can be hydrolysed into Pi by TNAP in myocardium, whereas pi is
the main component of hydroxyapatite crystals, which may result
in the unexpected promotive roles of ENPP1 in myocardium min-
eralization. In general, ectopic calcification is a gambling process
between pro-calcification stimuli and anti-calcification factors. It
is emerging to explore the further molecular mechanism which
highlights the plasticity of fibroblasts in contributing to ectopic
calcification and identify pharmacological targets for therapy
(Figure 1).

7 | CONCLUSION

In recent decades, cardiovascular calcification, including vascular,
valvular and myocardial calcification, has attracted dramatically
increasing attention. Vascular calcification is characterized as the
deposition of hydroxyapatite in intima and media of arterial wall
majorly triggered by the osteogenic differentiation of VSMCs. Valve
calcification is triggered by valve cells, accompanied by dysfunc-
tion of valve leaflets, and mainly affects mitral and aortic valves.
Myocardial calcification with hydroxyapatite deposited within the
myocardium is often accompanied by poor outcome. All these cardi-
ovascular events share similar risk factors such as hypertension, hy-
perlipidaemia and diabetes. Intimal calcification is always observed
in atherosclerotic lesions, and atherosclerosis shares many common-
alities with mitral annular calcification. Some scientists believed that
MAC is another form of atherosclerosis. Besides intimal calcification
frequently occurs in the coronary arteries, stenosis or obstruction
of coronary can lead to impaired heart function or sudden cardiac
death.

WILEY- 8

Fibroblasts with potent plasticity are critical in cardiovascular
remodelling. Fibroblasts from different organs exhibit similar mor-
phology and functions, including secreting cytokines and numerous
extracellular matrix proteins, as well as displaying potent plasticity. In
the progression of atherosclerosis, adventitial fibroblasts trans-dif-
ferentiate into myofibroblasts and migrate towards the lumen, con-
tributing to the formation of neointima, and it also displays paracrine
effects on VSMSs calcification via a set of cytokine release, includ-
ing H,0,, inflammatory factors and VEGF. Inflammatory activity
and angiogenesis play a contributing role in VSMSs calcification.
Local treatment targeting anti-inflammatory and anti-angiogenesis
through adventitia may have an inhibitory effect on vascular calci-
fication. In valve calcification, valve interstitial cells undergoing os-
teogenic differentiation are recognized as the major cellular origin
of calcific valve. Recently, scientists discovered that valve-derived
stromal cells, as fibroblast-like cells, expressing both mesenchymal
and osteogenic markers, may play a contributing role in valve cal-
cification. Myocardial calcification, with minerals deposited in the
myocardium, is a severe complication of cardiac injury whereas few
is known regarding the cellular source of calcification. Pallai et al re-
vealed that cardiac fibroblasts undergoing osteogenic fate critically
contribute to the calcification of heart muscle. Inhibition of ENPP1
could dramatically attenuate cardiac calcification.

This review, for the first time, systemically summarizes the
emerging roles of fibroblasts in cardiovascular calcification and
discusses the potential therapeutics targeting fibroblasts in cardio-
vascular calcification. It is noteworthy that the lack of specific mark-
ers to identify fibroblasts makes it difficult to explore the precise
features of fibroblasts. The markers identifying fibroblasts, such as
fibroblast-specific protein-1 (FSP-1), collagen 1al and transcription
factor 21 (TCF21), are not uniformly specific. They are also expressed
on VSMCs, ECs and immune cells.2°° Periostin, a newly recognized
marker of myofibroblasts, is expressed in adult heart tissues only
after injury. Further study identified that periostin® myofibroblasts
in heart are originated from TCF21" tissue-resident fibroblasts.”
Since the complex of fibroblast plasticity, more specific markers
need to be explored, a combination of two or more fibrotic markers
is recommended to label fibroblasts in tissues. Future studies will

further our knowledge of fibroblasts in different diseases.
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