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A B S T R A C T

Both ischemic and hemorrhagic strokes are still serious diseases with high mortalities and morbidities. To im-
prove outcomes of strokes, new therapeutic approaches need to be developed. Matricellular proteins are in-
ducible, multifunctional and non-structural extracellular matrix proteins, which are definitely differentiated
from classical ones due to the unusual diversity of functions. There are many matricellular proteins known, most
of which may be involved in the pathophysiology and the protective or repairing mechanisms of strokes. This
article reviews the available information regarding potential roles of matricellular proteins in stroke, and dis-
cusses the potential therapeutic approaches against stroke using matricellular proteins.

1. Introduction

Irrespective of recent advances in stroke treatment, stroke remains a
leading cause of long-term disabilities with different risk factors de-
pending on stroke subtypes (O'Donnell et al., 2016). To improve out-
comes of both ischemic and hemorrhagic strokes, further basic re-
searches are needed to clarify the mechanisms of progression or
regression of brain injury in each stroke subtype, which would lead to
future development of new brain protection therapies.

Matricellular proteins are inducible and secretory non-structural
proteins belonging to the extracellular matrix proteins (Suzuki et al.,
2018a). Due to the unusual diversity of functions, the term “ma-
tricellular protein” was introduced in 1995, and the number of ma-
tricellular proteins is still increasing (Suzuki et al., 2018a). It is the
common features of matricellular proteins that they are readily upre-
gulated in almost any tissue and cell type under pathological condi-
tions, bind to many cell surface receptors, other matrix proteins, growth
factors, cytokines, chemokines and proteases, and modulate cell–cell or
cell–matrix interactions to control cellular morphology and behavior
(differentiation, adhesion, migration, and survival or apoptosis) (Suzuki
et al., 2018a). Although matricellular protein-deficient mice undergo
normal development, matricellular proteins serve as key mediators of
various physiological reactions during developmental stages as well as
diverse pathological processes depending on the biological scenario

surrounding its induction (Suzuki et al., 2018a). This review sum-
marizes the available information of potential roles of matricellular
proteins in stroke (Table 1), and discusses the possibility to target a
matricellular protein and to develop new therapies against stroke.

2. Matricellular proteins in Stroke

2.1. Tenascin

Tenascins have 4 members (tenascin-C, -R, -W and -X) in vertebrates
(Roll and Faissner, 2019), among which only tenascin-C has been im-
plicated in stroke. Tenascin-C typically forms a hexamer, but alternative
splicing of the fibronectin type III repeats, post-translational modifica-
tions and proteolytic processing produce lots of tenascin-C isoforms
with various functions and sizes, which can be present simultaneously
in the specific tissues (Suzuki et al., 2018a). In a developing stage, ra-
dial glial progenitor cells and then primarily astrocytes express te-
nascin-C, which contributes to the proliferation of astrocyte progenitor
cells, the maturation of neural progenitor cells and the proliferation and
maintenance of oligodendrocyte precursors (Jayakumar et al., 2017).

In ischemic stroke, a neurotrophic factor L-serine treatment further
upregulated tenascin-C at 5 days post-ischemia and exerted neuropro-
tective effects by proliferation of neural stem cells and microvessels,
reconstruction of neurovascular units and the resultant neurorepair in
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the ischemic boundary zone after permanent cerebral ischemia in rats
(Sun et al., 2014). However, the mechanisms were not investigated.

In intracerebral hemorrhage, higher serum levels of large–splice
variants of tenascin-C containing C domain in the fibronectin type III
repeats at admission were correlated with larger hematoma volume,
worse admission neurological status, early neurological deterioration
and hematoma growth, and poorer 90-day functional outcomes in a
clinical setting (Wang et al., 2018). No experimental studies have been
conducted in intracerebral hemorrhage thus far.

In aneurysmal subarachnoid hemorrhage, cerebrospinal fluid levels
of large–splice variants of tenascin-C containing C domain in the fi-
bronectin type III repeats were the highest in the first 3 days of onset
and decreased over time: the higher levels were related with worse
admission neurological status and more massive hematoma volume,

and predicted the development of angiographic vasospasm, delayed
cerebral ischemia and chronic shunt-dependent hydrocephalus, as well
as worse outcomes (Suzuki et al., 2008, 2011, 2015). In contrast,
plasma levels of C domain-containing tenascin-C variants peaked at
days 4–6 post-onset and were greater in patients with subsequent de-
velopment of angiographic vasospasm and delayed cerebral ischemia
(Suzuki et al., 2010b). A selective inhibitor of phosphodiesterase type
III cilostazol suppressed plasma levels of tenascin-C (both B and C do-
mains-containing variants), and prevented delayed cerebral infarction
and chronic shunt-dependent hydrocephalus, resulting in better out-
comes of patients with aneurysmal subarachnoid hemorrhage
(Nakatsuka et al., 2017; Suzuki et al., 2019). In experimental studies,
tenascin-C was induced in the spastic cerebral arteries (endothelial,
smooth muscle, adventitial, and periarterial inflammatory cells) and

Table 1
Potential roles of matricellular protein in stroke.

Matricellular protein Cerebral infarction Intracerebral hemorrhage Subarachnoid hemorrhage

Tenascin-C Protective:
- Proliferation of NSCs and microvessels (rat)

ND Harmful:
- Tenascin-C knockout
→ Prevention of BBB disruption,
inflammation, neuronal apoptosis, and
cerebral VSP (mouse)
- Blockage by cilostazol
→ Decrease in delayed cerebral infarct,
chronic HCP, and poor outcome (human)

Periostin Protective:
- Recombinant periostin variant lacking exon 17
→ Reduced cerebral infarct volume (mouse)

ND Harmful:
- Neutralization of full-length periostin
→ Prevention of BBB disruption (mouse)

Osteopontin Protective:
- Induction in a subacute stage
→ Anti-apoptotic and anti-inflammatory effects, BBB
protection, neurogenesis, and remodeling (mouse/rat)

Protective:
- Delayed induction
→ Migration of NSCs (mouse); anti-
apoptotic and anti-inflammatory
effects (rat)

Protective:
- Peak induction at day 3
→ Prevention of microcirculatory
dysfunction, BBB disruption, neuronal
apoptosis, and cerebral VSP (rat)

Galectin Galectin-1
→ Protective: anti-inflammation, neurogenesis and axonal
regeneration (mouse/rat)

Galectin-3
→ Controversial: maybe toxic within 24 h, but protective
thereafter (mouse/rat)

Galectin-9
→ Harmful: proinflammatory effects (rat)

Galectins-1 and 3
→ Protective: anti-inflammatory
effects (mouse)

Galectin-9
→ Harmful: proinflammatory effects
to induce secondary brain injury
(rat)

Galectin-3
→ Harmful: BBB disruption (mouse)

Thrombospondin Thrombospondins-1, 2 and 4
→ Protective: control of angiogenesis, synapse formation
and axonal outgrowth (mouse/rat)

Thrombospondins-1, and 2
→ Protective: promotion of
angiogenesis (rat)

Thrombospondin-1
→ Harmful: subarachnoid fibrosis, chronic
HCP, and neurocognitive disturbance (rat)

Secreted protein acidic and
rich in cysteine (SPARC)

Harmful:
- SPARC knockout
→ Increased microgliosis and enhanced functional recovery
(mouse)

SC1 (ortholog of SPARC) induction
at days 1 and 3 (rat)
→ Unknown significance

ND

Plasminogen activator
inhibitor (PAI)-1

Harmful:
- PAI-1suppression
→ Increased collateral perfusion and reduced cerebral
infarct size (mouse/rat)

Protective:
- Maybe suppression of thrombin-
induced toxicity surrounding
hematoma (rat)

ND

Glypican Protective:
- Direct infusion of glypican
→ Increased neurogenesis (rat)

ND ND

Fibulin Protective:
- Overexpression of fibulin-5
→ Anti-apoptotic and anti-oxidant effects, and reduced BBB
disruption (rat)

ND ND

Small leucine-rich
proteoglycan
(decorin and biglycan)

ND ND Protective
- Recombinant decorin
→ Inhibition of subarachnoid fibrosis,
chronic HCP, and neurocognitive
disturbance (rat)

Pigment epithelium-derived
factor

Protective
- Overexpression of pigment epithelium-derived factor
→ Anti-oxidant, anti-inflammatory and anti-apoptotic
effects, autophagy activation, increased glutamate
clearance, downregulation of water channel aquaporin 4,
and inhibited glial cell degeneration (rat)

ND ND

BBB, blood-brain barrier; HCP, hydrocephalus; ND, no data; NSC, neural stem cell; SC1, synaptic cleft-1; VSP, vasospasm.
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brains (possibly astrocytes, neurons and brain capillary endothelial
cells) after subarachnoid hemorrhage by endovascular perforation in
rats and mice (Shiba and Suzuki, 2019). In experimental studies using
tenascin-C-knockout mice with subarachnoid hemorrhage by en-
dovascular perforation, tenascin-C deficiency prevented early brain
injury in terms of 1) blood-brain barrier (BBB) disruption and brain
edema formation by inhibiting 3 major mitogen-activated protein ki-
nases (MAPKs: extracellular signal-regulated kinase [ERK] 1/2, c-Jun
N-terminal kinase, and p38)-mediated matrix metalloproteinase
(MMP)-9 activation and the resultant degradation of inter-endothelial
tight junction proteins (Fujimoto et al., 2016) associated with down-
regulation of another matricellular protein periostin (Liu et al., 2017);
and 2) neuroinflammation and caspase-dependent neuronal apoptosis
by suppressing the upregulation and activation of Toll-like receptor
(TLR) 4, phosphorylation of nuclear factor (NF)-κB, and induction of
interleukins-1β and -6 (Liu et al., 2018a). Tenascin-C knockout also
exerted preventive effects against cerebral vasospasm associated with
the reduction of periarterial inflammatory cell infiltration and the in-
activation of MAPKs in the arterial smooth muscle cells after sub-
arachnoid hemorrhage in mice (Fujimoto et al., 2018). Although the
mechanisms of how tenascin-C induces deleterious effects after sub-
arachnoid hemorrhage are not completely revealed, TLR4-mediated
MAPK and NF-κB signaling may be important (Okada and Suzuki, 2017)
(Fig. 1).

2.2. Periostin

Periostin is a N-glycoprotein with a carboxyl-terminal alternative
splicing domain containing exons 15–23, and there are at least 9 spli-
cing variants lacking some of the exons (Kudo, 2017; Nishikawa and
Suzuki, 2017). Periostin variants may exert different functions by di-
rectly binding to various extracellular matrix proteins and integrin re-
ceptors (Kudo, 2017).

In patients with large-artery atherosclerotic ischemic stroke, higher
serum levels of periostin (unknown variants) were associated with
larger cerebral infarction volume and more severe neurological deficits
at 6–28 days post-ischemia (He et al., 2018). In adult mouse's brain,
periostin was mainly expressed in neurons, but transient middle cere-
bral artery (MCA) occlusion downregulated periostin variants lacking
exon 17 in the ischemic core at 3 h, followed by upregulation of peri-
ostin variants lacking exon 17 in reactive astrocytes, microglia, fibro-
blasts, capillary endothelial cells and neural stem cells in both peri-

ischemic and ischemic regions at 1–28 days (peak, 7 days) post-
ischemia; and full-length periostin was also induced mainly in fibro-
blasts in a more modest and delayed fashion (Shimamura et al., 2012,
2014). An intracerebroventricular injection of recombinant periostin
variant lacking exon 17, but not full-length periostin, reduced the vo-
lume of cerebral infarction associated with Akt activation in a transient
MCA occlusion model in mice, suggesting neuroprotective, anti-in-
flammatory and neurogenetic effects of the variant lacking exon 17
after transient cerebral ischemia (Shimamura et al., 2012).

In acute spontaneous basal ganglia hemorrhage, higher serum levels
of periostin (unknown variants) at admission were correlated with
larger hematoma volume and poorer outcomes in a clinical setting (Ji
et al., 2017). There are no experimental studies published as to in-
tracerebral hemorrhage.

In patients with aneurysmal subarachnoid hemorrhage, higher
serum levels of periostin (unknown variants) at admission were related
to worse admission neurological status, larger hemorrhage volume,
more frequent development of delayed cerebral ischemia and poorer
outcomes (Luo et al., 2018). Plasma levels of periostin (unknown var-
iants) were decreased by cerebrospinal fluid drainage and unrelated
with serum levels of a systemic inflammatory marker C-reactive pro-
tein; however, periostin levels increased preceding the development of
delayed cerebral ischemia irrespective of the presence or absence of
cerebral vasospasm (Kanamaru et al., 2019b). After subarachnoid he-
morrhage by endovascular perforation in mice, full-length periostin was
upregulated in neurons and capillary endothelial cells in cerebral cortex
and caused early brain injury in terms of BBB disruption possibly via
p38/ERK1/2–MMP-9 signaling pathways and/or induction of tenascin-
C (Liu et al., 2017). Neutralization of full-length periostin prevented
BBB disruption, which was aggravated by administration of re-
combinant full-length periostin (Liu et al., 2017) (Fig. 1). The role of
periostin isoforms resulting from alternative splicing has not been ex-
amined thus far in subarachnoid hemorrhage (Kanamaru et al., 2019a;
Kawakita and Suzuki, 2020).

2.3. Osteopontin

Osteopontin is an acidic phosphoglycoprotein containing several
functional domains, which allow for receptor bindings such as integrins
and CD44, and is subjected to numerous posttranslational modifications
including serine/threonine phosphorylation, glycosylation, tyrosine
sulfation, and transglutamination generating a polymer, all of which
regulate osteopontin's functions (Lok and Lyle, 2019). Alternative
splicing generates 5 isoforms, and osteopontin can also undergo pro-
teolytic cleavage by thrombin and MMPs-2, -3, -7, -9, and -12 (Lok and
Lyle, 2019). Osteopontin is upregulated in response to injury, stress and
inflammation in diverse cells, and is involved in homeostasis, angio-
genesis, and immune responses (Rogall et al., 2018). Distinct from the
above secreted osteopontin, less well-known intracellular osteopontin,
which lacks the signal sequence that targets the protein to secretory
vesicles possibly due to a down-stream alternative translational initia-
tion signal, is expressed in dendritic cells and macrophages of the im-
mune system (Baliga et al., 2011).

In acute ischemic stroke, plasma levels of thrombin-cleaved osteo-
pontin N-terminal at admission, which might originate from vulnerable
plaques, were significantly higher in patients with atherothrombotic
stroke compared with those with non-atherothrombotic stroke (Ozaki
et al., 2017). Serum osteopontin levels increased and peaked at day 7,
being correlated with cerebral infarction volume, neurological status at
an acute phase and 3-month functional outcomes (Carbone et al.,
2015). In a subacute stage of experimental cerebral ischemia, osteo-
pontin is induced in microglia and macrophages within the infarct core
and in peri-infarct regions, and exerts direct neuroprotective effects on
neurons by cell survival or anti-apoptotic effects via ERK1/2 activation
and phosphoinositide 3-kinase/Akt signaling pathways, neurogenesis
via Akt activation, anti-inflammatory effects via NF-κB inactivation,

Periostin

Neuron
Glia
Endothelial cell
Arterial wall cell
Inflammatory cell 

Inflammation
Production of matricellular protein (tenascin-C, periostin)
Brain injury (apoptosis, BBB disruption)
Cerebral vasospasm

Tenascin-C

Neuron
Endothelial cell 

MAPK

Integrin
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Fig. 1. Possible relationships among matricellular proteins in subarachnoid
hemorrhage. Tenascin-C, periostin and galectin-3 may be neurotoxic, whereas
osteopontin may be neuroprotective. BBB, blood-brain barrier; MAPK, mitogen-
activated protein kinase; NF-κB, nuclear factor-κB; TLR4, Toll-like receptor 4.
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and BBB protection via inactivation of MAPK and MMP-9, as well as
indirect neuroprotective effects via the blockade of inducible nitric
oxide synthase and shifting microglia polarization towards more pro-
tective M2 phenotypes that modulate beneficially inflammatory re-
sponses post-ischemia, thus resulting in the reduction of secondary
tissue damages (Doyle et al., 2008; Ladwig et al., 2017; Rogall et al.,
2018; Zhu et al., 2017). Thrombin-cleaved osteopontin is a more ef-
fective neuroprotectant than intact osteopontin (Doyle et al., 2008).
Osteopontin also promotes survival, proliferation, migration and neu-
ronal differentiation of neural stem cells through the CXC chemokine
receptor type 4 after focal cerebral ischemia, although endogenous
neural stem cells residing in the subventricular zone and in the hip-
pocampal dentate gyrus of the adult mammalian brain are mobilized to
an injury site after cerebral ischemia and mediate pleiotropic functions
such as neuroprotection, reduction of neuroinflammation, revascular-
ization, induction of plasticity, neurogenesis and replacement of lost
neurons, leading to functional recovery (Rabenstein et al., 2015). The
induction of osteopontin may play a role in remodeling processes after
focal cerebral ischemia including macrophage recruitment, matrix re-
pair, astroglial cell migration, and gliosis (Wang et al., 1998). In-
tracellular osteopontin was upregulated in the right cerebral cortex at
45min after transient global cerebral ischemia/reperfusion in rats,
suggesting a role of the protein as a responder to stroke-induced cell
damage and an adaptor (or scaffold) function facilitating signal trans-
duction pathways, but nothing is known about how its expression is
controlled (Baliga et al., 2011).

In patients with intracerebral hemorrhage, serum levels of osteo-
pontin were increased within the first 24 h post-onset (Acar et al.,
2012). In a mouse model of intracerebral hemorrhage, osteopontin was
increased in the ipsilateral injured striatum from day 1 to day 28, and
played roles in the lateral migration of neuroblasts from the ipsilateral
subventricular zone towards the hematoma as well as the ipsilateral
striatum remote to the hematoma at day 3 to day 28 possibly by in-
tegrin β1 receptor-mediated phosphorylation of focal adhesion kinase,
associated with activated astrocytes and blood vessels in the injured
striatum; however, osteopontin deficiency did not affect the prolifera-
tion of neural progenitors (Yan et al., 2009). Recombinant osteopontin
treatment may provide a wide range of neuroprotection by suppressing
apoptosis through the phosphoinositide 3-kinase/Akt/glycogen syn-
thase kinase 3β signaling pathway (Zhang et al., 2018), and preventing
neuroinflammation at least partly by integrin β1-induced inhibition of
Janus kinase 2/signal transducer and activator of transcription-1
pathway after intracerebral hemorrhage in rats (Gong et al., 2018).

In patients with aneurysmal subarachnoid hemorrhage, plasma os-
teopontin levels were increased and peaked at days 4–6, and higher
levels were an independent predictor of 3-month poor outcomes
(Nakatsuka et al., 2018). In a rat model of subarachnoid hemorrhage by
endovascular perforation, osteopontin is induced in reactive astrocytes
and capillary endothelial cells and peaks at 72 h post-hemorrhage,
when rat's neurological status recovers (Liu and Suzuki, 2018). Osteo-
pontin is protective against early brain injury by suppressing micro-
circulatory dysfunctions via stabilizing vascular smooth muscle cell
phenotype through the activation of integrin-linked kinase/Rac-1 sig-
naling pathways; inhibiting neuronal apoptosis through integrin-
mediated activation of focal adhesion kinase/phosphatidylinositol 3-
kinase/Akt signaling pathway; and preventing BBB disruption through
integrin-mediated inactivation of NF-κB/MMP-9 signaling pathway,
integrin-mediated activation of MAPK phosphatase-1 that inhibits
MAPKs/MMP-9 and/or vascular endothelial growth factor-A signaling
pathways, or CD44-mediated increases in mature/full-length glycosy-
lated P-glycoprotein in brain capillary endothelial cells (Liu and Suzuki,
2018). Recombinant osteopontin treatment increased an endogenous
MAPK inhibitor, MAPK phophatase-1, in cerebral artery smooth muscle
cells via binding to L-arginyl-glycyl-L-aspartate-dependent integrins,
and inhibited the phosphorylation of MAPKs, then that of caldesmon
and heat shock protein 27 in cerebral arteries, preventing cerebral

vasospasm (Suzuki et al., 2010a) (Fig. 1).

2.4. Galectin

Galectins are a family of β-galactoside-binding lectins that consist of
at least 20 members, which have a conserved carbohydrate-recognition
domain sequence (Nishikawa and Suzuki, 2018). Galectins are classi-
fied as proto-type (galectins-1, 2, 5, 7, 10, 11, 13–20) including
monomers or homodimers with one carbohydrate-recognition domain;
chimera type (galectin-3) containing a non-lectin part made of proline-
and glycine-rich short tandem repeats connected to a carbohydrate-
recognition domain; and tandem-repeat type (galectins-4, 6, 8, 9, 12)
containing two carbohydrate-recognition domains with different
binding partners connected by a single polypeptide chain (Nishikawa
and Suzuki, 2018). Galectins exist intracellularly and extracellularly:
extracellular galectin exerts bivalent or multivalent interactions with
glycans on cell surfaces to induce various cellular responses, while in-
tracellular galectin functions in signaling pathways (Nishikawa and
Suzuki, 2018).

In patients with large artery atherosclerotic stroke, only higher
serum galectin-3 level was independently associated with poor out-
comes both on days 1 and 6, and serum levels of galectins-9 and -1 were
upregulated on day 6 and in the 4th week after ischemic stroke, re-
spectively, with no relation to outcomes: galectin-1 may be protective,
galectin-3 may be harmful by amplifying and prolonging inflammatory
responses, and galectin-9 may be involved in inflammatory responses
and neuronal injury (He et al., 2017). In experimental studies, galectin-
1 has been consistently implicated in protection against ischemic brain
injury by modulating the cytokine profile of microglia/macrophage
towards an anti-inflammatory state, and stimulating neurogenesis and
axonal regeneration (Ishibashi et al., 2007; Wang et al., 2015a). How-
ever, roles of galectin-3 remain controversial in cerebral ischemia: ga-
lectin-3 upregulation may be neurotoxic within 24 h post-ischemia, but
neuroprotective thereafter (Rahimian et al., 2019). For example, in a
mouse model of transient global ischemia, galectin-3-dependent TLR4
activation caused neuronal damage in the hippocampus at 24 h post-
ischemia (Burguillos et al., 2015), whereas galectin-3 was expressed in
insulin-like growth factor 1-labeled proliferating microglia as early as
48 h post-ischemia and sustained galectin-3 deficiency exacerbated is-
chemic injury in a rat transient MCA occlusion model (Lalancette-
Hebert et al., 2007). Galectin-9/T cell immunoglobulin and mucin do-
main-3 signaling pathways are reported to be involved in post-ischemic
inflammation and the development of cerebral infarction in a rat model
of permanent MCA occlusion (Wei et al., 2015).

Plasma galectin-3 levels in patients with intracerebral hemorrhage
were increased at admission, and correlated with serum C-reactive
protein levels, hematoma volumes, admission neurological status, and
6-month outcomes (Yan et al., 2016b). In experimental intracerebral
hemorrhage in mice, galectins-1 and -3 were increased in the perihe-
matomal brain region from days 3 to 7 and peaked at day 5 post-he-
morrhage: galectin-1 was mostly expressed in astrocytes, whereas ga-
lectin-3 was expressed mostly in microglia/macrophages (Bonsack and
Sukumari-Ramesh, 2019). Both galectins-1 and -3 might act anti-in-
flammatorily (Bonsack and Sukumari-Ramesh, 2019). T cell im-
munoglobulin and mucin domain-3 was increased in microglia after
experimental intracerebral hemorrhage to activate galectin-9 and TLR4
signaling pathways, causing neuroinflammation and microglia polar-
ization which induced secondary brain injury in rats (Chen et al., 2019).

In patients with aneurysmal subarachnoid hemorrhage, higher ad-
mission plasma galectin-3 levels were correlated with poorer admission
clinical grades and 6-month outcomes (Liu et al., 2016), and plasma
galectin-3 levels on days 1–3 predicted the development of delayed
cerebral infarction with or without cerebral vasospasm (Nishikawa
et al., 2018b). In a mouse model of subarachnoid hemorrhage by en-
dovascular perforation, galectin-3 was upregulated in brain capillary
endothelial cells, and pharmacological blockage of galectin-3
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attenuated BBB disruption associated with inactivation of TLR4, ERK1/
2, signal transducer and activator of transcription-3 and MMP-9, and
the consequent preservation of a tight junction protein (Nishikawa
et al., 2018a) (Fig. 1).

2.5. Thrombospondin

The thrombospondin family consists of 5 members that are divided
into two subgroups, subgroup A assembled as trimers (thrombos-
pondins-1 and -2) and subgroup B assembled as pentamers (throm-
bospondins-3, -4, and -5) (Wu et al., 2017). Thrombospondins-1–4 are
expressed in the brain, and are implicated in synaptogenesis, angio-
genesis, and inflammation (Wu et al., 2017).

In patients with acute ischemic stroke, plasma levels of thrombos-
pondins-2 were increased at admission, and those of thrombospondins-
1 were increased at 2 h after the treatment with tissue plasminogen
activator (Navarro-Sobrino et al., 2011). Another clinical study re-
ported that plasma thrombospondin-1 levels at admission were elevated
and an independent predictor of 6-month poor outcomes of ischemic
stroke (Gao et al., 2015). In a transient MCA occlusion model in rats,
thrombospondin-1 showed a biphasic expression before the peak of
angiogenesis: thrombospondin-1 was induced in endothelial cells in the
leptomeninges covering the ischemic cortex at the first peak at 1 h,
while the cellular origins of the second peak at 72 h were endothelial,
glial, neuronal, and macrophage cells in the penumbral region (Lin
et al., 2003). Thrombospondin-2 was upregulated in the penumbral
region from the peak of angiogenesis to the period when angiogenesis
had completely resolved in a monophasic manner, peaking at 2 weeks
post-ischemia (Lin et al., 2003). Thrombospondin-1 is considered to
induce caspase-3-dependent endothelial cell apoptosis, and the ex-
pression of thrombospondins-1 and -2, especially thrombospondin-2
might contribute to the termination of post-ischemic angiogenesis (Lin
et al., 2003). In a permanent MCA occlusion model in mice, throm-
bospondins-1 and -2 were increased and colocalized mostly to astro-
cytes, and deficiency of thrombospondins-1 and -2 caused impaired
recovery irrespective of similar size of cerebral infarction mainly due to
the inhibition of synapse formation and axonal outgrowth (Liauw et al.,
2008). In another study using a rat permanent MCA occlusion model,
the treatment with thrombospondin-4-overexpressing bone marrow
stromal cells improved regeneration of blood vessels in the ischemic
boundary zone and neurological function post-stroke associated with
increased expression of von Willebrand factor, vascular endothelial
growth factor, angiopoietin-1, MMP-9, and MMP-2 possibly by the
paracrine function of thrombospondin-4-overexpressing bone marrow
stromal cells and the activation of transforming growth factor (TGF)-β/
Smad2/3 signaling pathway (Zhang et al., 2019).

In patients with intracerebral hemorrhage, increased plasma
thrombospondin-1 levels were correlated with the severity of in-
tracerebral hemorrhage and independently predicted 6-month poor
outcomes (Dong et al., 2015). In a rat intracerebral hemorrhage model,
thrombospondins-1 and -2 were expressed in cerebral endothelial cells
peaking at 4 and 14 days post-hemorrhage, respectively: thrombos-
pondins-1 and -2-immunoreactive microvessels existed surrounding the
hematoma by about 7 days and then extended into the hematoma (Zhou
et al., 2010). Thrombin was an inducer of thrombospondins, which
induced angiogenesis in the model (Yang et al., 2012).

In patients with aneurysmal subarachnoid hemorrhage, thrombos-
pondin-1 in lumbar cerebrospinal fluid increased at days 1–3 and then
decreased as time passed: higher thrombospondin-1 levels at days 1–3
and days 5–7 post-hemorrhage predicted the development of cerebral
vasospasm and 3-month poor outcome (Chen et al., 2016). Higher
plasma thrombospondin-1 levels at admission were also associated with
more severe clinical status, subsequent development of cerebral va-
sospasm and 6-month poorer outcomes (Shen et al., 2015). In sub-
arachnoid hemorrhage rats by double blood injections into the cisterna
magna, the treatment with leucine-serine-lysine-leucine peptide, a

small molecular peptide and a competitive antagonist for TGF-β1, in-
hibited thrombospondin-1-mediated TGF-β1 activity and therefore
subarachnoid fibrosis, resulting in the prevention of the development of
chronic hydrocephalus and the improvement of neurocognitive func-
tion (Liao et al., 2016).

2.6. Secreted protein acidic and rich in cysteine (SPARC)

SPARC, also known as osteonectin and basement-membrane protein
40, is one of 4 groups of the SPARC family (Jayakumar et al., 2017),
and its ortholog is SPARC-like 1, synaptic cleft-1 (SC1), or hevin (Lloyd-
Burton et al., 2013). SPARC is predominantly expressed in astrocytes
and microglia in the adult central nervous system, possibly playing a
role in the maintenance of extracellular matrix integrity, synaptic sta-
bility and cortical lamination (Jayakumar et al., 2017; Lloyd-Burton
et al., 2013).

In patients with ischemia stroke, admission serum SC1 levels were
increased and correlated with the severity of stroke (Ambrosius et al.,
2018). In a rat model of transient global cerebral ischemia, SPARC from
the vascular basal lamina, endothelial cells and perivascular astrocytes
decreased associated with BBB disruption, which was prevented by a
mild post-ischemic hypothermia with the maintenance of SPARC levels
(Baumann et al., 2009). In photothrombotic cortical ischemia in mice,
SPARC was lost in reactive and phagocytic microglia in and adjacent to
the lesion, but upregulated in reactive astrocytes and blood vessels
surrounding the ischemic core, while SPARC knockout increased mi-
crogliosis and enhanced functional recovery: the loss of microglial
SPARC may allow microglia to proliferate after ischemia, and the
concurrent upregulation of SPARC in reactive astrocytes may keep as-
trocytic scar proliferation in check (Lloyd-Burton et al., 2013). SC1 was
also upregulated in the portions of axonal injury surrounding stroke
lesions, and SC1 expression peaked at 1 and 3 days after intracerebral
hemorrhage and at 7 days after transient focal ischemia in young-adult
and aged rats (Lively and Schlichter, 2012). However, the information
in hemorrhagic stroke is limited, and further clinical or experimental
data are unavailable.

2.7. Plasminogen activator inhibitor (PAI)-1

PAI-1 is the primary inhibitor of fibrinolysis by antagonizing in-
trinsic plasminogen activation, and also regulates vascular fibrosis and
endothelial cell senescence (Chapin and Hajjar, 2015; Chan et al.,
2018). Circulating PAI-1 is considered to be a mediator of cellular aging
including vascular endothelial cells and therefore a marker of aging
(Chan et al., 2018). Circulating PAI-1 is increased in hypertension
through angiotensin type-1 receptor activation, and impairs micro-
vascular perfusion (Chan et al., 2018).

PAI-1 is encoded by the serine proteinase inhibitor family E member
1 gene, of which functional polymorphisms can result in an increase in
PAI-1 levels, being implicated with poor outcome in ischemic stroke
(Hendrix et al., 2017). According to meta-analysis studies, the
rs1799889 polymorphism was significantly associated with the risk of
cerebral infarction (Liu et al., 2018b), and PAI-1 4G/5G polymorphism
was significantly associated with increased risks of adult but not pe-
diatric ischemic stroke in Asians (Hu et al., 2017). In addition, a risk of
ischemic stroke was increased with -844G/A but not 11,053 T > G
polymorphism, while PAI-1 4G/5G polymorphism tended to reduce a
risk of hemorrhagic stroke (Hu et al., 2017). Higher plasma PAI-1 levels
before thrombolysis may predict symptomatic intracranial hemorrhage,
but the results have been conflicting in the clinic (Wang et al., 2015b).
After transient MCA occlusion in mice, messenger ribonucleic acid le-
vels of PAI-1 (237 folds) and PAI-2 (19 folds) increased in ischemic
brain and peaked at 24 h post-ischemia associated with increased PAI-1
plasma activity: brain infarct volume was significantly reduced in PAI-
1-deficient mice, but not in PAI-2-deficient mice (Griemert et al., 2018).
Inflammatory responses after cerebral ischemia may induce PAI-1,
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which impairs the fibrinolytic system by binding to endogenous tissue-
type plasminogen activator and promotes stable fibrin clot formation,
leading to the obstruction of microvessels in the ischemic zone
(Griemert et al., 2018). Pharmacological inhibition of PAI-1 also in-
creased reperfusion and decreased infarct volume by reducing fibrin
deposition in a mouse transient MCA occlusion model (Denorme et al.,
2016), and by increasing collateral perfusion and dilating leptome-
ningeal anastomotic arterioles via nitric oxide in a rat transient MCA
occlusion model (Chan et al., 2018).

There are no clinical studies as to PAI-1 in intracerebral hemor-
rhage. In experimental intracerebral hemorrhage, PAI-1 was upregu-
lated mainly in neurons and astrocytes around the hematoma possibly
by thrombin-induced inflammatory reactions and peaked at the first
day (Hua et al., 2002). The upregulation of PAI-1 may be neuropro-
tective against thrombin-induced toxicity (Hua et al., 2002).

In patients with subarachnoid hemorrhage, PAI-1 levels in cere-
brospinal fluid and plasma were higher around 7 days in poorer clinical
grade and associated with cerebral vasospasm (Ikeda et al., 1997; Ji
et al., 2014). As to gene polymorphisms, patients with the AA genotype
of rs2227631 and 4G/4G genotype had higher risks of delayed cerebral
ischemia, while those with the GG genotype of rs7242 and AA genotype
of rs2227684 had lower risks for poor outcomes (Hendrix et al., 2017).
There are no experimental studies as to subarachnoid hemorrhage.

2.8. Glypican

Glypican is a heparin sulphate binding glycoprotein bound to the
external surface of the plasma membrane, and 6 members (glypicans
1–6) have been identified in mammals (Jayakumar et al., 2017). Gly-
picans are implicated as a regulator of cell signaling pathways including
Wnt and Hedgehog, fibroblast growth factor, and bone morphogenic
protein, and are considered to play a role in axonal pathfinding, sy-
naptogenesis, and structural plasticity (Jayakumar et al., 2017).

As to the relationships between glypicans and stroke, only one paper
has been published. In a rat permanent MCA occlusion model, direct
infusion of glypican into the infarct cavity from 7 days to 14 days post-
ischemia reduced glial fibrillary acidic protein-immunoreactive glial
scar and increased microtubule-associated protein-2 immunoreactivity
in the peri-infarct region associated with neurobehavioral improvement
possibly by increasing fibroblast growth factor-2 (Hill et al., 2012).

2.9. Fibulin

The human fibulin family includes 7 glycoproteins originally char-
acterized as components of elastic fibers in connective tissues (Obaya
et al., 2012).

Serum levels of fibulin-1, which stabilizes extracellular matrix in-
tegrity surrounding the vascular smooth muscle and is related with
arterial stiffness, were higher at 7 years after ischemic stroke compared
with monozygotic twins with no history of ischemic stroke (Vadgama
et al., 2019). In a rat transient MCA occlusion model, overexpression of
fibulin-5, which is secreted by various vascular cells including vascular
smooth muscle cells, fibroblasts and endothelial cells, exerted anti-
apoptotic effects on neurovascular endothelium and prevented BBB
disruption by inhibiting the production of reactive oxygen species, ac-
tivating Rac-1 pathway and suppressing MMP-9 upregulation, resulting
in improved neurological outcomes, although infarction volume was
unchanged (Guo et al., 2016). Limb remote ischemic postconditioning-
induced elevation of fibulin-5 reduced cerebral infarction and pre-
vented BBB disruption in the same rat model (Zhang et al., 2017).

In hemorrhagic stroke, serum fibulin-5 levels at admission were
correlated with the disease severity in terms of neurological status and
hematoma volume, as well as 3-month outcomes in patients with in-
tracerebral hemorrhage (Hu et al., 2016). Other data are unavailable as
to hemorrhagic stroke.

2.10. Small leucine-rich proteoglycan

The small leucine-rich proteoglycan family currently consists of 17
members in 5 classes (Dellett et al., 2012). Among the members, dec-
orin and biglycan are expressed in normal adult rat brain, and con-
tribute to the maintenance of the nervous system through the regulation
of adult neural stem and the responses to central nervous system in-
juries, in addition to the roles in embryonic neural development (Dellett
et al., 2012). After tissue injuries in the central nervous system, decorin
and biglycan are upregulated in astrocytes, and may play roles in the
recovery or the glial scar formation, respectively (Dellett et al., 2012).

Available data about small leucine-rich proteoglycans are very
limited in stroke, and only 4 papers have been published. Decorin
rs516115 genotypes TC/CC were associated with higher serum glucose
and a higher frequency of cerebrovascular diseases compared to the TT
genotype (Kunnas et al., 2016). In patients with acute ischemic stroke
(within 7 days of onset), plasma decorin levels were significantly de-
creased, particularly in the large-artery atherosclerotic stroke, and were
positively correlated with plasma MMP-2 levels (Xu et al., 2012b).
Plasma decorin levels gradually decreased and were the lowest at
7–14 days after ischemic stroke in a clinical setting: lower decorin levels
were associated with poorer outcomes (Xu et al., 2012a). In a rat two-
hemorrhage injection model into the cisterna magna, the treatment
with recombinant decorin inhibited the upregulation of TGF-β1, phos-
phorylated Smad2/3, connective tissue growth factor, collagen I and
pro-collagen I C-terminal propeptide after subarachnoid hemorrhage,
resulting in less subarachnoid fibrosis, less frequency in chronic hy-
drocephalus and better neurocognitive function (Yan et al., 2016a).

2.11. Pigment epithelium-derived factor (PEDF)

PEDF is a glycoprotein of a non-inhibitory member of the serine
protease inhibitor gene family, and is expressed in neurons and astro-
cytes in the cerebral cortex and striatum in adult rat brain (Sanagi et al.,
2008).

In a rat permanent MCA occlusion model, PEDF was downregulated
at an early stage and was upregulated by a peroxisome proliferator-
activated receptor-γ agonist, thus causing the downregulation of NF-κB
and MMP-9 and a decrease in neurological deficits, brain edema and
infarct volume (Zhu et al., 2012). In a rat transient MCA occlusion
model, PEDF was upregulated in reactive astrocytes at 7 days post-
ischemia, and had neuroprotective effects by increasing an inducible
antioxidant enzyme manganese superoxide dismutase, facilitating glu-
tamate clearance via the upregulation of glutamate transporters, at-
tenuating pro-inflammatory gene expression, preventing the develop-
ment of brain edema via the downregulation of water channel
aquaporin 4, and inhibiting the degeneration of glial cells (Sanagi et al.,
2008). Exosomes from PEDF-modified adipose-derived mesenchymal
stem cells ameliorated cerebral ischemia-reperfusion injury by acti-
vating autophagy and suppressing neuronal apoptosis in a rat MCA
occlusion model (Huang et al., 2018).

In hemorrhagic stroke, no studies have been reported as to the roles
of PEGF.

2.12. Other matricellular proteins

Autotaxin, the CCN (cysteine-rich angiogenic protein 61, connective
tissue growth factor and nephroblastoma overexpressed gene) family of
proteins, R-spondins, hemicentin, and βig-h3 (also known as keratoe-
pithelin, RGD-CAP, or TGF-β-induced protein) are known as ma-
tricellular proteins, but their roles in ischemic and hemorrhagic strokes
remain unknown.

3. Perspectives

Alterations in expressions of various matricellular proteins may be
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critically implicated in the pathophysiology of ischemic and hemor-
rhagic strokes, and can cause, suppress or repair brain injuries de-
pending on the surrounding situations and the characteristics of the
protein. Recent clinical application of machine learning analysis also
demonstrated the importance of some matricellular proteins as a de-
terminant on outcome measures in hemorrhagic stroke (Tanioka et al.,
2019). As some of matricellular proteins including tenascin-C, galectin-
3, decorin and biglycan belong to damage-associated molecular pat-
terns and therefore are ligands of pattern recognition receptors such as
TLR4, they may be important initiators and enhancers of post-stroke
intrinsic inflammatory reactions under sterile conditions (Suzuki,
2019). In addition, as matricellular proteins such as tenascin-C and
periostin are products of TLR4, which is a representative of pattern
recognition receptors that induces maximal inflammatory reactions
among the TLR family, matricellular protein–TLR4–matricellular pro-
tein pathways may lead to a vicious spiral that further augments in-
flammatory reactions and aggravates brain injuries after stroke (Okada
et al., 2019). Functional or direct interactions among matricellular
proteins including tenascin-C, periostin, osteopontin and galectin-3

have also been reported (Liu et al., 2017; Suzuki et al., 2018a) (Fig. 1).
Although the information regarding the roles of matricellular proteins
in stroke is still limited, it may be a therapeutic option to block the
expression and function of a harmful matricellular protein whereas to
augment the expression and function of a protective matricellular
protein. The studies reporting the usefulness of matricellular proteins as
a prognostic biomarker are also increasing (Table 2): in fact, ma-
tricellular proteins may be suitable as biomarkers because they are
stable, relatively easily measurable, and prompt response proteins to
brain insults (Suzuki et al., 2018c). We expect that a better under-
standing of the roles of matricellular proteins in stroke will provide
valuable insights into the pathogenesis and the intrinsic protective
mechanisms, ultimately leading to the improvement of therapeutic
outcomes in patients with stroke. Now, molecular targeted drugs
against some of matricellular proteins are being developed (Jayakumar
et al., 2017; Suzuki et al., 2018a). We are waiting for these drugs to be
clinically available after meticulous translational researches (Suzuki
and Nakano, 2018).

Table 2
Matricellular proteins as potential biomarkers in stroke.

Matricellular protein Cerebral infarction Intracerebral hemorrhage Subarachnoid hemorrhage

Tenascin-C ND Peripheral blood:
- Increase at admission
→ Poor outcome

Cerebrospinal fluid:
- Increase at days 1–3
→ Angiographic VSP, DCI, chronic HCP,
poor outcome

Peripheral blood:
- Increase at days 4–6
→ angiographic VSP, DCI

Periostin Peripheral blood:
- Higher values
→ Correlation with 6–28-day poorer outcome

Peripheral blood:
- Increase at admission
→ Poor outcome

Peripheral blood:
- Increase at admission
→ DCI, poor outcome
- Increase at days 4–6
→ DCI with/without angiographic VSP

Osteopontin Peripheral blood:
- Higher thrombin-cleaved osteopontin N-terminal at
admission
→ Differentiation of atherothrombotic stroke
- Increase at day 7
→ Poor outcome

Peripheral blood:
- Increase within 24 h post-onset
→ Unknown significance

Peripheral blood:
- Increase at days 4–6
→ Poor outcome

Galectin Peripheral blood:
- Higher galectin-3 at days 1 and 6
→ Poor outcome
- Increase of galectin-9 at day 6 and galectin-1 in the
4th week
→ No relation with outcome

Peripheral blood:
- Higher galectin-3 at admission
→ Poor outcome

Peripheral blood:
- Increase at admission
→ Poor outcome
- Increase at days 1–3
→ Delayed cerebral infarct with/without
angiographic VSP

Thrombospondin Peripheral blood:
- Admission higher thrombospondin-1
→ Poor outcome
- Admission higher thrombospondin-2
→ Unknown significance

Peripheral blood:
- Higher thrombospondin-1
→ Poor outcome

Cerebrospinal fluid:
- Higher thrombospondin-1 at days 1–3 and
5–7
→ Cerebral VSP, poor outcome

Peripheral blood:
- Higher thrombospondin-1 at admission
→ Cerebral VSP, poor outcome

Secreted protein acidic and rich in
cysteine (SPARC)

Peripheral blood:
- Admission higher SC1 (ortholog of SPARC)
→ Stroke severity

ND ND

Plasminogen activator inhibitor-1 Peripheral blood:
- Higher values
→ Post-thrombolytic intracranial bleeding (with
conflicting reports), poor outcome

ND Cerebrospinal fluid
Peripheral blood
- Increase around day 7
→ Cerebral VSP

Glypican ND ND ND
Fibulin Peripheral blood

- Increase of fibulin-1 at 7 years post-stroke
→ Unknown significance

Peripheral blood:
- Admission higher fibulin-5
→ Poor outcome

ND

Small leucine-rich proteoglycan
(decorin and biglycan)

Peripheral blood
- Prolonged decrease of decorin (lowest, days 7–14
post-stroke)
→ Poor outcome

ND ND

Pigment epithelium-derived factor ND ND ND

DCI, delayed cerebral ischemia; HCP, hydrocephalus; ND, no data; SC1, synaptic cleft-1; VSP, vasospasm.
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